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On January 3, 2005, the Examiner made a final rejection to pending Claims 28-32. A 
Notice of Appeal was filed on May 27, 2005, , and an Appeal Brief was filed on July 26, 2005. 

A Notification of Non-Compliant Appeal Brief was mailed October 31, 2005, which 
stated that the brief was defective because required elements were missing. The following 
amended appeal brief has been corrected to include all headings and sections as required under 
37C.F.R. §41. 37(a). 

The following constitutes the amended version of Appellants' Brief on Appeal. 



Dear Sir: 



L REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the patent application U.S. Serial No. 09/946,374 recorded January 8, 2002, at 
Reel 012288 and Frame 0504. 

2. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as ?, PR01293 f \ There exist two related patent applications, (1) U.S. Serial No. 
10/015,869, filed December 11, 2001 (containing claims directed to polynucleotides encoding 
PR01293 polypeptides), and (2) U.S. Serial No. 10/006,063, filed December 6, 2001 (containing 
claims directed to PR01293 polypeptides). The 10/015,869 application is still pending. The 
10/006,063 application is also under final rejection from the same Examiner and based upon the 
same outstanding rejection, and appeal of this final rejection is being pursued independently and 
concurrently herewith. 

3. STATUS OF CLAIMS 

Claims 28-32 are in this application. 
Claims 1-27 and 33 are canceled. 

Claims 28-32 stand rejected and Appellants appeal the rejection of these claims. 

A copy of the rejected claims involved in the present Appeal is provided as Appendix A. 

4. STATUS OF AMENDMENTS 

The claims involved in the appeal have been amended by an amendment filed 
concurrently with this appeal brief. Appellants were advised that this amendment would be 
entered in a telephone conference with the Examiner on July 20, 2005. The claims listed in the 
Claims Appendix incorporate this amendment. 

5. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application concerns an isolated antibody that 
specifically binds to the polypeptide of SEQ ID NO:77 (Claim 28). The invention further 
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provides monoclonal antibodies (Claim 29), humanized antibodies (Claim 30), antibody 
fragments (Claim 31), and labeled antibodies (Claim 32) that specifically bind to the polypeptide 
ofSEQEDNO:77. 

Support for the preparation and uses of antibodies is found throughout the specification, 
including, for example, pages 372-380. The preparation of antibodies is described in Example 
132, while Example 133 describes the use of the antibodies for purifying the polypeptides to 
which they bind. Isolated antibodies are defined in the specification at page 311, lines 30-39. 
Support for monoclonal antibodies is found in the specification at, for example, page 373, line 6, 
to page 374, line 25, and Example 132. Support for humanized antibodies is found in the 
specification at, for example, page 374, line 27, to page 375, line 27. Support for antibody 
fragments is found in the specification at, for example, page 310, line 31, to page 311, line 29, 
and page 376, line 19, to page 377, line 7. Support for labeled antibodies is found in the 
specification at, for example, page 312, lines 1-4, and page 380, lines 5-13. 

The polypeptide of SEQ ID NO:77 is designated PR01293, and its amino acid sequence 
is shown in Figure 46, while the encoding nucleic acid sequence (SEQ ED NO: 76) is shown in 
Figure 45. PRO 1293 is described as having amino acid sequence identity with the human Ig 
heavy chain V region protein (see, for example, page 338, lines 1-5). The isolation of cDNA 
clones encoding PR01293 of SEQ ID NO:77 is described in Example 26. Examples 128-131 
describe the expression of PRO polypeptides in various host cells, including E. coli, mammalian 
cells, yeast and Baculovirus-infected insect cells. Finally, Example 143, in the specification at 
page 494, line 20, to page 508, line 28, sets forth a Gene Amplification assay which shows that 
the PRO 1293 gene is amplified in the genome of certain human lung and colon cancers (see page 
507, lines 5-12, and Table 8). 

The specification discloses that antibodies to PRO polypeptides may be used, for 
example, in purification of PRO (page 380, lines 15-21 and Example 133), in diagnostic assays 
for PRO expression (page 363, line 31, to page 364, line 3, and page 380, lines 2-13), as 
antagonists to PRO (page 371, lines 27-30), and as elements of pharmaceutical compositions for 
the treatment of various disorders (page 379, lines 1-37). 
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6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

I. Whether Claims 28-32 satisfy the utility requirement of 35 U.S.C. §101 . 

II. Whether Claims 28-32 satisfy the enablement requirement of 35 U.S.C. § 1 12, first 
paragraph. 

m. Whether Claims 28-32 are patentable under 35 U.S.C. § 102(a) over Botstein et 
a/., WO2000/053751 and Baker et ai 9 WO2000/12708. 

7. ARGUMENTS 
Summary of the Arguments 
Issue I: Utility 

Appellants have previously explained that patentable utility of the PRO 1293 polypeptide 
and the antibodies which bind it is based upon the gene amplification data for the gene encoding 
the PRO 1293 polypeptide. The specification discloses that the gene encoding PR01293 showed 
significant amplification, ranging from 2.2 to 5 fold , in 3 different lung and colon tumors . 
Appellants have also submitted, with their Response filed August 19, 2004, the Declaration of 
Dr. Audrey Goddard, which explains that a gene identified as being amplified at least 2-fold by 
the disclosed gene amplification assay in a tumor sample relative to a normal sample is useful as 
a marker for the diagnosis of cancer , for monitoring cancer development and/or for measuring 
the efficacy of cancer therapy. 

The Examiner has asserted that "the instant specification does not demonstrate that the 
increased copy number of PRO 1293 in lung and colon tumors leads to an increased expression of 
PR01293 in these tumors." (Page 4 of the Office Action mailed January 3, 2005). In support of 
this assertion, the Examiner has cited a reference by Hu et al. as evidence that "gene 
amplification does not necessarily result in increased expression at the mRNA and polypeptide 
levels" (Page 4 of the Office Action mailed January 3, 2005; emphasis added). 

Appellants submit that the Examiner applied an improper legal standard when making 
this rejection. The evidentiary standard to be used throughout ex parte examination in setting 
forth a rejection is a preponderance of the totality of the evidence under consideration. Thus, to 
overcome the presumption of truth that an assertion of utility by the applicant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
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doubt the truth of the statement of utility. Only after the Examiner has made a proper prima facie 
showing of lack of utility, does the burden of rebuttal shift to the applicant. 

The single reference cited by the Examiner does not suffice to make a prima facie case 
that more likely than not no generalized correlation exists between gene (DNA) amplification 
and increased polypeptide levels. In particular, Hu et al does not show that a lack of correlation 
between gene amplification data and the biological significance of cancer genes is typical 

In contrast, Appellants have submitted ample evidence to show that, in general, if a gene 
is amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et al, (made of 
record in Appellants 1 Response filed August 19, 2004) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis, 
principal investigator of the Tumor Antigen Project of Genentech, Inc., the assignee of the 
present application, shows that, in general there is a correlation between mRNA levels and 
polypeptide levels . Appellants further note that the sale of gene expression chips to measure 
mRNA levels is a highly successful business, with a company such as Affymetrix recording 
168.3 million dollars in sales of their GeneChip arrays in 2004. Clearly, the research community 
believes that the information obtained from these chips is useful (i.e., that it is more likely than 
not informative of the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between DNA, mRNA, 
and polypeptide levels, these instances are exceptions rather than the rule . In the majority of 
amplified genes , as exemplified by Orntoft et al, Hyman et al, Pollack et al, and the Polakis 
Declaration, the teachings in the art overwhelmingly show that gene amplification influences 
gene expression at the mRNA and protein levels . Therefore, one of skill in the art would 
reasonably expect in this instance, based on the amplification data for the PRO 1293 gene, that 
the PRO 1293 polypeptide is concomitantly overexpressed. Thus, the claimed antibodies that 
bind the PRO 1293 polypeptide have utility in the diagnosis of cancer. 

Appellants further submit that even if there is no correlation between gene amplification 
and increased mRNA/protein expression, (which Appellants expressly do not concede), a 
polypeptide encoded by a gene that is amplified in cancer would still have a specific, substantial, 
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and credible utility. Appellants submit that, as evidenced by the Ashkenazi Declaration and the 
teachings of Hanna and Mornin (submitted with Appellants 1 Response filed August 19, 2004), 
simultaneous testing of gene amplification and gene product over-expression enables more 
accurate tumor classification , even if the gene-product, the protein, is not over-expressed. This 
leads to better determination of a suitable therapy for the tumor as demonstrated by the real- 
world example of the breast cancer marker HER-2/neu. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the PRO 1293 polypeptide and the claimed antibodies which bind it. 

Issue II: Enablement 

Claims 28-32 stand rejected under 35 U.S.C. §112, first paragraph, allegedly "since the 
claimed invention is not supported by either a specific and substantial asserted utility or a well 
established utility for the reasons set forth above, one skilled in the art clearly would not know how 
to use the claimed invention." (Page 4 of the Office Action mailed January 3, 2005). 

Appellants submit that, as discussed above, the PRO 1293 polypeptide and the antibodies 
that bind it have utility in the diagnosis of cancer. Based on such a utility, one of skill in the art 
would know exactly how to use the claimed antibodies for diagnosis of cancer, without any 
undue experimentation. 

Issue III: Anticipation by Botstein et al., WO 2000053751 and/or Baker et al., 
WO 200012708 

Claims 28-32 stand rejected under 35 U.S.C. § 102(a) as being anticipated by Botstein et 
aL, WO 2000053751, published on September 14, 2000, and by Baker et al., WO 200012708, 
published on March 9, 2000. 

The instant application claims priority to U.S. Provisional Application Serial No. 
60/162,506, filed on October 29, 1999, over ten months before the publication date of Botstein et 
al and over four months before the publication date of Baker et al The instant application has 
not been granted the earlier priority date on the grounds that "the parent application does not 
teach how to use the claimed invention in a manner that satisfies the requirements under 35 
U.S.C. 112, first paragraph." (Page 1 1 of the Office Action mailed January 3, 2005). Appellants 
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respectfully submit that as discussed above under Issues I and II, the presently claimed invention 
is supported by a specific, substantial and credible utility and, therefore, the present specification 
teaches one of ordinary skill in the art "how to use" the claimed invention without undue 
experimentation. Accordingly, the instant application is entitled to the effective filing date of 
October 29, 1999, and thus neither Botstein et al nor Baker et al is prior art. 

These arguments are all discussed in further detail below under the appropriate headings. 

ISSUE I; Claims 28-32 satisfy the utility requirement of 35 U.S.C. $101 

Claims 28-32 stand rejected under 35 U.S.C. §101 because allegedly "the claimed 
invention is not supported by either a specific and substantial asserted utility or a well established 
utility." (Page 3 of the Office Action mailed January 3, 2005). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the claimed antibodies that bind the 
PRO 1293 polypeptide. 

A. The Legal Standard for Utility 

According to 35 U.S.C. § 101 : 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added). 

In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form." The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 3 



1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 
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Later, in Nelson v. Bowler, 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may not 
establish a specific therapeutic use. The court held that "since it is crucial to provide researchers 
with an incentive to disclose pharmaceutical activities in as many compounds as possible, we 
conclude adequate proof of any such activity constitutes a showing of practical utility. 1 ' 5 

In Cross v. Iizuka, 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between." 7 The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility." 8 

The case law has also clearly established that Appellants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that Appellants' claims of usefulness are not believable on their face. 10 In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in the 
art to question the objective truth of the statement of utility or its scope." 1 1,12 



4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 

11 In re Langer, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Jolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 (1965); In reSichert, 566 F.2d 1154, 1159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

-8- 

Appeal Brief 
Application Serial No. 10/006,818 
Attorney's Docket No. 39780-2830 P1C4 



Compliance with 35 U.S.C. §101 is a question of fact. The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when it 
is particular to the subject matter claimed. For example, it is generally not enough to state that a 
nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the public" 
or similar formulations used in certain court decisions to mean that products or services based on 
the claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 
can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of Applications for 
Compliance With the Utility Requirement, 17 gives the following instruction to patent examiners: 
"If the applicant has asserted that the claimed invention is useful for any particular practical 



13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

15 66 Fed. Reg. 1092 (2001). 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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purpose . . . and the assertion would be considered credible by a person of ordinary skill in the 
art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that Appellants rely on the gene amplification data for 
patentable utility of the claimed antbodies that bind the PRO 1293 polypeptide, and that the gene 
amplification data for the gene encoding the PRO 1293 polypeptide is clearly disclosed in the 
instant specification under Example 143. 

It was well known in the art at the time the invention was made that gene amplification is 
an essential mechanism for oncogene activation. The gene amplification assay is well-described 
in Example 143 of the present application. Example 143 discloses that the inventors isolated 
genomic DNA from a variety of primary cancers and cancer cell lines that are listed in Table 8, 
including primary lung and colon tumors of the type and stage indicated in Table 7. As a 
negative control, DNA was isolated from the cells of ten normal healthy individuals, which was 
pooled and used as a control. Gene amplification was monitored using real-time quantitative 
TaqMan™ PCR. Table 8 shows the resulting gene amplification data. Further, Example 143 
explains that the results of TaqMan™ PCR are reported in ACt units, wherein one unit 
corresponds to one PCR cycle or approximately a 2-fold amplification relative to control, two 
units correspond to 4-fold amplification, 3 units to 8-fold amplification etc. 

Appellants respectfully submit that a ACt value of at least 1.0 was observed for PR01293 
in at least three of the tumors listed in Table 8. PR01293 showed approximately 1.71 ACt units 
which corresponds to 2 1 71 - fold amplification or 3.272-fold amplification in primary lung tumor 
(HF-000840), and approximately 1.13-2.33 ACt units which corresponds to 2 1 13 -2 2 33 - fold 
amplification or 2. 1 89 fold to 5.028-fold amplification in colon tumors (HF-000539 and HF- 
000795). (See Table 8 and page 507, lines 5-12 of the specification). Accordingly, the present 
specification clearly discloses overwhelming evidence that the gene encoding the PRO 1293 
polypeptide is significantly amplified in lung and colon tumors. 

It is also well known that gene amplification occurs in most solid tumors, and generally is 
associated with poor prognosis. 
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In support, Appellants have submitted, in their Response filed August 19, 2004, a 

Declaration by Dr. Audrey Goddard. Appellants particularly draw the Board's attention to page 3 

of the Goddard Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy 
number in the tumor sample relative to the normal sample serves as a basis for 
using relative gene copy number as quantitated by the TaqMan PCR technique 
as a diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 
2-fold by the quantitative TaqMan PCR assay in a tumor sample relative to a 
normal sample is useful as a marker for the diagnosis of cancer, for 
monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. (Emphasis added). 

As indicated above, the gene encoding the PRO 1293 polypeptide shows at least a two 
fold amplification in three different lung and colon tumors. In addition, the Goddard Declaration 
clearly establishes that the TaqMan real-time PCR method described in Example 143 has gained 
wide recognition for its versatility, sensitivity and accuracy, and is in extensive use for the study 
of gene amplification. The facts disclosed in the Declaration also confirm that based upon the 
gene amplification results, one of ordinary skill would find it credible that PRO 1293 is a 
diagnostic marker of lung and colon cancer. 

The Examiner has asserted that f, [t]he asserted utilities of cancer diagnostics for the 
claimed antibody that binds to the polypeptide of SEQ ID NO:77, are credible and specific. 
However, they are not substantial. The data set forth in the specification are preliminary at best." 
(Page 5 of the Office Action mailed January 3, 2005). 

As stated above, in explaining the "substantial utility" standard, M.P.E.P. §2107.01 
cautions that Office personnel must be careful not to interpret the phrase "immediate benefit to 
the public" or similar formulations used in certain court decisions to mean that products or 
services based on the claimed invention must be "currently available" to the public in order to 
satisfy the utility requirement. Indeed, the Guidelines for Examination of Applications for 
Compliance With the Utility Requirement 18 states, "If the applicant has asserted that the claimed 
invention is useful for any particular practical purpose . . . and the assertion would be considered 

18 M.P.E.P. §2107 11(B)(1). 
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credible by a person of ordinary skill in the art, do not impose a rejection based on lack of 
utility." 

Appellants' position is based on the overwhelming evidence from gene amplification data 
disclosed in the specification which clearly indicate that the gene encoding PRO 1293 is 
significantly amplified in certain lung and colon tumors. Based on the working hypothesis 
among those skilled in the art that if a gene is amplified in cancer, the encoded protein is likely to 
be expressed at an elevated level one skilled in the art would simply accept that since the 
PRO 1293 gene is amplified, the PRO 1293 polypeptide would be more likely than not over- 
expressed. Thus data relating to PRO 1293 polypeptide expression may be used for the same 
diagnostic and prognostic purposes as data relating to PRO 1293 gene expression. Therefore, 
based on the disclosure in the specification, no further research would be necessary to determine 
how to use the claimed antibodies that bind to the PR01293 polypeptide, because the current 
invention is fully enabled by the disclosure of the present application. 

Accordingly, Appellants submit that based on the general knowledge in the art at the time 
the invention was made and the teachings in the specification, the specification provides clear 
guidance as to how to interpret and use the data relating to PRO 1293 polypeptide expression and 
that the claimed antibodies which bind the PRO 1293 polypeptide have utility in the diagnosis of 
cancer. 

C. A prima facie case of lack of utility has not been established 

The Examiner has asserted that the "the instant specification does not demonstrate that 
the increased copy number of PRO 1293 DNA in lung and colon tumors, leads to an increased 
expression of PR01293 polypeptide in these tumors." (Page 4 of the Office Action mailed 
January 3, 2005). The Examiner concludes that "since Appellants do not provide information 
regarding the level of expression, an activity, or a role in cancer or any other disease for the 
claimed PRO 1293 polypeptide, the polypeptide lacks a substantial activity or well established 
utility." (Page 5 of the Office Action mailed January 3, 2005). In support of the assertion that 
"the literature reports that gene amplification does not necessarily result in increased expression 
at the mRNA and polypeptide levels." the Examiner cited a single article by Hu et al (Page 5 of 
the Office Action mailed January 3, 2005; emphasis added). 
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As a preliminary matter, Appellants respectfully submit that it is not a legal requirement 
to establish that gene amplification "necessarily" results in increased expression at the mRNA 
and polypeptide levels. As discussed above, the evidentiary standard to be used throughout ex 
parte examination of a patent application is a preponderance of the totality of the evidence under 
consideration. Accordingly, Appellants submit that in order to overcome the presumption of 
truth that an assertion of utility by the applicant enjoys, the Examiner must establish that it is 
more likely than not that one of ordinary skill in the art would doubt the truth of the statement 
of utility. Therefore, it is not legally required that there be a "necessary" correlation between the 
data presented and the claimed subject matter. The law requires only that one skilled in the art 
should accept that such a correlation is more likely than not to exist . Appellants respectfully 
submit that when the proper evidentiary standard is applied, a correlation must be acknowledged. 

Appellants submit that in order to overcome the presumption of truth that an assertion of 
utility by the applicant enjoys, the Examiner must establish that it is more likely than not that one 
of ordinary skill in the art would doubt the truth of the statement of utility. Accordingly, contrary 
to the Examiner's assertion, Appellants submit that Hu et al does not conclusively show that it is 
more likely than not that gene amplification does not result in increased expression at the mRNA 
and polypeptide levels. First, the title of Hu et al is "Analysis of Genomic and Proteomic Data 
Using Advanced Literature Mining." As the title clearly suggests, the conclusion suggested by 
Hu et al is merely based on a statistical analysis of the information disclosed in the published 
literature. As Hu et al states, "We have utilized a computational approach to literature mining to 
produce a comprehensive set of gene-disease relationships." In particular, Hu et al relied on the 
MedGene Database and the Medical Subject Heading (MeSH) files to analyze the gene-disease 
relationship. More specifically, Hu et al "compared the MedGene breast cancer gene list to a 
gene expression data set generated from a micro-array analysis comparing breast cancer and 
normal breast tissue samples." (See page 408, right column). 
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Therefore, Appellants first submit that the reference by Hu et al only studies the 
statistical analysis of micro-array data and not gene amplification data. Therefore, their findings 
would not be directly applicable to gene amplification data. In addition, Appellants respectfully 
submit that the Hu et al reference does not show a lack of correlation between microarray data 
and the biological significance of cancer genes is typical. 

According to Hu et al, ''different statistical methods" were applied to "estimate the. 
strength of gene-disease relationships and evaluated the results." (See page 406, left column, 
emphasis added). Using these different statistical methods, Hu et al f, [a]ssessed the relative 
strengths of gene-disease relationships based on the frequency of both co-citation and single 
citation." (See page 411, left column). It is well known in the art that various statistical methods 
allow different variables to be manipulated to affect the outcome. For example, the authors 
admit, "Initial attempts to search the literature using" the list of genes, gene names, gene 
symbols, and frequently used synonyms, generated by the authors "revealed several sources of 
false positives and false negatives." (See page 406, right column). The authors further admit that 
the false positives caused by "duplicative and unrelated meanings for the term" were "difficult to 
manage." Therefore, in order to minimize such false positives, Hu et al. disclose that these terms 
"had to be eliminated entirely, thereby reducing the false positive rate but unavoidably under- 
representing some genes. " Id. Hence, Appellants respectfully submit that in order to minimize 
the false positives and negatives in their analysis, Hu et al manipulated various aspects of the 
input data. 

Appellants further submit that the statistical analysis by Hu et al is not a reliable standard 
because the frequency of citation reflects only the current research interest of a molecule rather 
than the true biological function of the molecule. Indeed, the authors acknowledge that 
"[relationship established by frequency of co-citation do not necessarily represent a true 
biological link." (See page 411, right column). It often happens in scientific study that important 
molecules are overlooked by the scientific society for many years until the discovery of their true 
function. Therefore, Appellants submit that Hu et al drew their conclusion based on a very 
unreliable standard and that their research does not provide any meaningful information 
regarding the correlation between microarray data and the biological significance of a molecule. 
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Even assuming that Hu et ah provide evidence to support a true relationship, the 
conclusion in Hu et ah only applies to a specific type of breast tumor (estrogen receptor 
(ER)-positive breast tumor) and can not be generalized as a principle governing microarray study 
of breast cancer in general, let alone the various other types of cancer genes in general . In fact, 
even Hu et al admit that, f, [i]t is likely that this threshold will change depending on the disease 
as well as the experiment. Interestingly, the observed correlation was only found among 
ER-positive (breast) tumors not ER-negative tumors." (See page 412, left column). Therefore, 
based on these findings, the authors add, "This may reflect a bias in the literature to study the 
more prevalent type of tumor in the population. Furthermore, this emphasizes that caution must 
be taken when interpreting experiments that may contain subpopulations that behave very 
differently." Id. (Emphasis added). 

In summary, Appellants submit that the Examiner has not shown that a lack of correlation 
between microarray data and the biological significance of cancer genes, as observed for ER- 
positive breast tumor, is typical . Since the standard is not absolute certainty, a prima facie 
showing of lack of utility has not been made in this instance. The Patent Office has failed to 
meet its initial burden of proof that Appellants' claims of utility are not substantial or credible. 
The arguments presented by the Examiner in combination with the Hu et ah article do not 
provide sufficient reasons to doubt the statements by Appellants that PRO 1293 has utility. As 
discussed above, the law does not require that gene amplification "necessarily" results in 
increased expression at the mRNA and polypeptide levels." Therefore, Appellants submit that 
the Examiner's reasoning is based on a misrepresentation of the scientific data presented in the 
above cited reference and application of an improper, heightened legal standard. In fact, contrary 
to what the Examiner contends, the art indicates that, if a gene is amplified in cancer, it is more 
likely than not that the encoded protein will be expressed at an elevated level. 

D. It is "more likely than not" for amplified genes to have increased mRNA and 
protein levels 

Appellants respectfully submit that there are numerous articles which show that generally, 
if a gene is amplified in cancer, it is more likely than not that the encoded protein will be 
expressed at an elevated level. For example, Orntoft et ah (Moh and Cell. Proteomics, 2002, 
vol. 1, pages 37-45 - made of record in Appellants' Response filed August 19, 2004) studied 
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transcript levels of 5600 genes in malignant bladder cancers, many of which were linked to the 
gain or loss of chromosomal material using an array-based method. Orntoft et ah showed that 
there was a gene dosage effect and taught that "in general (18 of 23 cases) chromosomal areas 
with more than 2-fold gain of DNA showed a corresponding increase in mRNA transcripts" (see 
column 1, abstract). In addition, Hyman et ah {Cancer Res,, 2002, vol. 62, pages 6240-45 - made 
of record in Appellants 1 Response filed August 19, 2004) showed, using CGH analysis and 
cDNA microarrays which compared DNA copy numbers and mRNA expression of over 12,000 
genes in breast cancer tumors and cell lines, that there was "evidence of a prominent global 
influence of copy number changes on gene expression levels." (See page 6244, column 1, last 
paragraph). Additional supportive teachings were also provided by Pollack et ah, (PNAS, 2002, 
vol. 99, pages 12963-12968 - made of record in Appellants' Response filed August 19, 2004) 
who studied a series of primary human breast tumors and showed that ". . .62% of highly 
amplified genes show moderately or highly elevated expression, and DNA copy number 
influences gene expression across a wide range of DNA copy number alterations (deletion, low-, 
mid- and high-level amplification), and that on average, a 2-fold change in DNA copy number is 
associated with a corresponding 1.5-fold change in mRNA levels." Thus, these articles 
collectively teach that in general, gene amplification increases mRNA expression . 

In addition, in their Response filed August 19, 2004, Appellants submitted a Declaration 
by Dr. Polakis, principal investigator of the Tumor Antigen Project of Genentech, Inc., the 
assignee of the present application, to show that mRNA expression correlates well with protein 
levels , in general. As Dr. Polakis explains, the primary focus of the microarray project was to 
identify tumor cell markers useful as targets for both the diagnosis and treatment of cancer in 
humans. The scientists working on the project extensively rely on results of microarray 
experiments in their effort to identify such markers. As Dr. Polakis explains, using microarray 
analysis, Genentech scientists have identified approximately 200 gene transcripts (mRNAs) that 
are present in human tumor cells at significantly higher levels than in corresponding normal 
human cells. To the date of the Declaration, they have generated antibodies that bind to about 30 
of the tumor antigen proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. 
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Having compared the levels of mRNA and protein in both the tumor and normal cells 
analyzed, they found a very good correlation between mRNA and corresponding protein levels. 
Specifically, in approximately 80% of their observations they have found that increases in the 
level of a particular mRNA correlates with changes in the level of protein expressed from that 
mRNA. While the proper legal standard is to show that the existence of correlation between 
mRNA and polypeptide levels is more likely than not, the showing of approximately 80% 
correlation for the molecules tested according to the Polakis Declaration greatly exceeds this 
legal standard. Based on these experimental data and his vast scientific experience of more than 
20 years, Dr. Polakis states that, for human genes, increased mRNA levels typically correlate 
with an increase in abundance of the encoded protein. He further confirms that "it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of corresponding 
increased levels of the encoded protein." 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between polypeptide and 
mRNA levels, these instances are exceptions rather than the rule. In the majority of amplified 
genes , the teachings in the art, as exemplified by Orntoft et al, Hyman et al, Pollack et al, and 
the Polakis Declaration, overwhelmingly show that gene amplification influences gene 
expression at the mRNA and protein levels. Thus, one of skill in the art would reasonably expect 
in this instance, based on the amplification data for the PR01293 gene, that the PR01293 
polypeptide is concomitantly overexpressed. Accordingly, Appellants submit that the PRO 1293 
polypeptides and nucleic acids have utility in the diagnosis of cancer and based on such a utility, 
one of skill in the art would know exactly how to use the claimed antibodies that bind to the 
PRO 1293 polypeptide for diagnosis of cancer. 

In the Office Action mailed January 3, 2005, the Examiner asserted that "Orntoft et al do 
not appear to look at gene amplification, mRNA levels and polypeptide levels from a single gene 
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at a time. ... Orntoft et al concentrated on regions of chromosomes with strong gains of 
chromosomal material containing clusters of genes (p.40). This analysis was not done for 
PRO 1293 in the instant specification. That is, it is not clear whether or not PRO 1293 is in a gene 
cluster in a region of a chromosome that is highly amplified. Therefore, the relevance, if any of 
Orntoft et al is not clear." (Page 8 of the Office Action mailed January 3, 2005). The Examiner 
further alleges, "Hyman et al used the same CGH approach in their research. Less than half 
(44%) of highly amplified genes showed mRNA overexpression (abstract). ... Therefore, Hyman 
et al also do not support utility of the polypeptides of the instant invention." (Page 8 of the 
Office Action mailed January 3, 2005). The Examiner further alleges that "Pollack et al also 
used CGH technology, concentrating on large chromosome regions showing high amplification 
(p. 12965). Pollack et al did not investigate polypeptide levels" (Page 8 of the Office Action 
mailed January 3, 2005). 

Appellants respectfully point out that in Orntoft et al, 1,800 genes that yielded an 
increase or decrease in mRNA expression in two invasive tumors compared to the two non- 
invasive papillomas were then mapped to chromosomal locations. The chromosomes had 
already been analyzed for amplification by hybridizing tumor DNA to normal metaphase 
chromosomes (CGH). Orntoft et al used CGH alterations as the independent variable and 
estimated the frequency of expression alterations of the 1,800 genes in the chromosomal areas. 
Orntoft et al found that in general (77% and 80% concordance) areas with a strong gain of 
chromosomal material contained a cluster of genes having increased mRNA expression (see page 
40). Orntoft et al state, "For both tumors TCC733 (p<0.015) and TCC827 (p<0.00003) a highly 
significant correlation was observed between the level of CGH ratio change (reflecting the DNA 
copy number) and alterations detected by the array based technology" (see page 41, column 1). 
Orntoft et al, also studied the relation between altered mRNA and protein levels using 2D- 
PAGE analysis. Orntoft et al state, "In general there was a highly significant correlation 
(p<0.005) between mRNA and protein alterations.. . . 26 well focused proteins whose genes had 
a known chromosomal location were detected in TCCs 733 and 335, and of these 19 correlated 
(p<0.005) with the mRNA changes detected using the arrays." (See page 42, column 2 to page 
34, column 2). Accordingly, Orntoft et al clearly support Appellants 1 position that proteins 
expressed by genes that are amplified in tumors are useful as cancer markers. 
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The Examiner has stated that Appellants have not indicated whether PRO 1293 is in a 
gene cluster region of a chromosome. (Page 8 of the Office Action mailed January 3, 2005). 
Appellants fail to see how this is relevant to the analysis. Orntoft et al did not limit their 
findings to only those regions of amplified gene clusters. Further, as discussed below, Hyman et 
al. and Pollack et al did gene-by-gene analysis across all chromosomes. 

Appellants respectfully submit that the Examiner has mischaracterized the methods used 
by Hyman et al and Pollack et al in their analysis. These papers did not use traditional CGH 
analysis to identify amplified genes. In Hyman et al, 13,824 cDNA clones were placed on glass 
slides in a microarray and genomic DNA from breast cancer cell lines and normal human WBCs 
was hybridized to the cDNA sequences. For expression analysis, RNA from tumor cell lines was 
hybridized on the same microarrays. The 13,824 arrayed cDNA clones were analyzed for gene 
expression and gene copy number in 14 breast cancer cell lines. Hyman et al state, "The results 
illustrate a considerable influence of copy number on gene expression patterns." For example, 
Hyman et al teach that "[u]p to 44% of the highly amplified transcripts (CGH ratio, >2.5) were 
overexpressed {i.e., belonged to the global upper 7% of expression ratios) compared with only 
6% for genes with normal copy number." (See page 6242, column 1). Further, Hyman et al 
state that "[t]he cDNA/CGH microarray technique enables the direct correlation of copy number 
and expression data on a gene-by-gene basis throughout the genome." (See page 6242, column 
2). Therefore, the analysis performed by Hyman et al was on a gene-by gene basis, and clearly 
shows that "it is more likely than not" that a gene which is amplified in tumor cells will have 
increased gene expression. 

In Pollack et al, DNA copy number alteration across 6,691 mapped human genes in 44 
predominantly advanced primary breast tumors and 10 breast cancer cell lines was profiled. 
Pollack et al further state, "Parallel microarray measurements of mRNA levels reveal the 
remarkable degree to which variation in gene copy number contributes to variation in gene 
expression in tumor cells." (See Abstract). "Genome-wide, of 1 17 high-level DNA 
amplifications (fluorescence ratios >4, and representing 91 different genes), 62% (representing 
54 different genes; . . .) are found associated with at least moderately elevated mRNA levels 
(mean-centered fluorescence ratios >2), and 42% (representing 36 different genes) are found 
associated with comparably highly elevated mRNA levels (mean-centered fluorescence ratios 
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>4). M (See page 12966, column 1). Therefore, the analysis performed by Pollack et al. was also 
on a gene-by gene basis, and clearly shows that "it is more likely than not" that a gene which is 
amplified in tumor cells will have increased gene expression. 

The Examiner further asserts that "none of the three papers reported that the research was 
relevant to identifying probes that can be used as cancer diagnostics" (Page 8 of the Office 
Action mailed January 3, 2005). Appellants respectfully point out that Hyman et al conducted 
additional studies of one of the genes found to be amplified, HOXB7, and found "a clinical 
association between HOXB7 amplification and poor patient prognosis." (Page 6244, col.l to 
col.2). Thus the results of Hyman et al confirm that genes which are amplified in tumors have 
prognostic utility. The Board's attention is also respectfully directed to the final paragraph of 
Pollack et aL, wherein the authors conclude that "a substantial portion of the phenotypic 
uniqueness (and, by extension, the heterogeneity in clinical behavior) among patients' tumors 
may be traceable to underlying variation in DNA copy number." (Page 12698, col. 2). 
Accordingly, Pollack et al. confirm that genes that are amplified in at least one type of tumor are 
useful as markers for that type of tumor, and for prognostic uses directed to that type of tumor. 

With regard to the correlation between mRNA expression and protein levels, the 
Examiner has asserted that the Polakis Declaration is insufficient to overcome the rejection of 
claims 28-32 since it is limited to a discussion of data regarding the correlation of mRNA levels 
and polypeptide levels and not gene amplification levels. The Examiner further asserted that the 
declaration does not provide data such that the Examiner can independently draw conclusions. 
(Page 9 of the Office Action mailed January 3, 2005). 

Appellants submit that Dr. Polakis' Declaration was presented to support the position that 
there is a correlation between mRNA levels and polypeptide levels, the correlation between gene 
amplification and mRNA levels having already been established by the data shown in the Orntoft 
et aL, Hyman et al., and Pollack et aL articles. Appellants emphasize that the opinions expressed 
in the Polakis Declaration, including the quoted statement, are all based on factual findings. 
Thus, Dr. Polakis explains that in the course of their research using microarray analysis, he and 
his co-workers identified approximately 200 gene transcripts that are present in human tumor 
cells at significantly higher levels than in corresponding normal human cells. Subsequently, 
antibodies binding to about 30 of these tumor antigens were prepared, and mRNA and protein 
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levels were compared. In approximately 80% of the cases, the researchers found that increases in 
the level of a particular mRNA correlated with changes in the level of protein expressed from 
that mRNA when human tumor cells are compared with their corresponding normal cells. Dr. 
Polakis' statement that "an increased level of mRNA in a tumor cell relative to a normal cell 
typically correlates to a similar increase in abundance of the encoded protein in the tumor cell 
relative to the normal cell" is based on factual, experimental findings, clearly set forth in the 
Declaration. Accordingly, the Declaration is not merely conclusive, and the fact-based 
conclusions of Dr. Polakis would be considered reasonable and accurate by one skilled in the art. 

The case law has clearly established that in considering affidavit evidence, the Examiner 
must consider all of the evidence of record anew. 19 "After evidence or argument is submitted by 
the applicant in response, patentability is determined on the totality of the record, by a 

20 

preponderance of the evidence with due consideration to persuasiveness of argument" 
Furthermore, the Federal Court of Appeals held in In re Alton, "We are aware of no reason why 

• 21 

opinion evidence relating to a fact issue should not be considered by an examiner" . Appellants 
also respectfully draw the Examiner's attention to the Utility Examination Guidelines which 
state, "Office personnel must accept an opinion from a qualified expert that is based upon 
relevant facts whose accuracy is not being questioned; it is improper to disregard the opinion 
solely because of a disagreement over the significance or meaning of the facts offered." The 
statement in question from an expert in the field (the Polakis Declaration) states that "it is my 
considered scientific opinion that for human genes, an increased level of mRNA in a tumor cell 
relative to a normal cell typically correlates to a similar increase in abundance of the encoded 
protein in the tumor cell relative to the normal cell." Therefore, barring evidence to the contrary 
regarding the above statement in the Polakis Declaration, this rejection is improper under both 
the case law and the Utility guidelines. 

19 In re Rinehart, 531 F.2d 1084, 189 U.S.P.Q. 143 (C.C.P.A. 1976) and In re Piasecki, 745 F.2d. 1015, 
226 U.S.P.Q. 881 (Fed. Cir. 1985). 

20 In re Alton, 37 USPQ2d 1578, 1584 (Fed. Cir 1966) (quoting In reOetiker, 977 F.2d 1443, 1445, 24 
U.S.P.Q. 2d 1443, 1444 (Fed. Cir. 1992)). 

21 In re Alton, supra. 

22 Part IIB, 66 Fed. Reg. 1098 (2001). 
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Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between polypeptide and 
mRNA levels, these instances are exceptions rather than the rule. In the majority of amplified 
genes , the teachings in the art, as exemplified by Orntoft et aL, Hyman et al, Pollack et aL, and 
the Polakis Declaration, overwhelmingly show that gene amplification influences gene 
expression at the mRNA and protein levels. Therefore, one of skill in the art would reasonably 
expect in this instance, based on the amplification data for the PRO 1293 gene, that the PRO 1293 
polypeptide is concomitantly overexpressed. Thus, Appellants submit that the PRO 1293 
polypeptide and the claimed antibodies that specifically bind it have utility in the diagnosis of 
cancer. 

E. Even if a prima facie case of lack of utility has been established, it should be 
withdrawn on consideration of the totality of evidence 

Even if one assumes arguendo that it is more likely than not that there is no correlation 

between gene amplification and increased mRNA/protein expression, which Appellants submit is 

not true, a polypeptide encoded by a gene that is amplified in cancer would still have a specific, 

substantial, and credible utility. In support, Appellants respectfully draw the Board's attention to 

page 2 of the Declaration of Dr. Avi Ashkenazi (submitted with the Response filed August 19, 

2004) which explains that, 

even when amplification of a cancer marker gene does not result in significant 
over-expression of the corresponding gene product, this very absence of gene 
product over-expression still provides significant information for cancer diagnosis 
and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring 
of gene amplification and gene product over-expression enables more accurate 
tumor classification and hence better determination of suitable therapy. In 
addition, absence of over-expression is crucial information for the practicing 
clinician. If a gene is amplified but the corresponding gene product is not over- 
expressed, the clinician accordingly will decide not to treat a patient with agents 
that target that gene product. 

Appellants thus submit that simultaneous testing of gene amplification and gene product 
over-expression enables more accurate tumor classification, even if the gene-product, the protein, 
is not over-expressed. This leads to better determination of a suitable therapy. Further, as 
explained in Dr. Ashkenazi' s Declaration, absence of over-expression of the protein itself is 
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crucial information for the practicing clinician. If a gene is amplified in a tumor, but the 
corresponding gene product is not over-expressed, the clinician will decide not to treat a patient 
with agents that target that gene product. This not only saves money, but also has the benefit that 
the patient can avoid exposure to the side effects associated with such agents. 

This utility is further supported by the teachings of the article by Hanna and Mornin. 
(Pathology Associates Medical Laboratories, August (1999); submitted with the Response filed 
August 19, 2004). The article teaches that the HER-2/neu gene has been shown to be amplified 
and/or over-expressed in 10%-30% of invasive breast cancers and in 40%-60% of intraductal 
breast carcinomas. Further, the article teaches that diagnosis of breast cancer includes testing 
both the amplification of the HER-2/neu gene (by FISH) as well as the over-expression of the 
HER-2/neu gene product (by IHC). Even when the protein is not over-expressed, the assay 
relying on both tests leads to a more accurate classification of the cancer and a more effective 
treatment of it. 

The Examiner has asserted that "Hanna et al. supports the rejection, in that Hanna et al. 
show that gene amplification does not reliably correlate with protein over-expression, and thus 
the level of polypeptide expression must be tested empirically." (Page 7 of the Office Action 
mailed January 3, 2005). Appellants respectfully point out that the Examiner appears to have 
misread Hanna et al Hanna et al clearly state that gene amplification (as measured by FISH) 
and polypeptide expression (as measured by immunohistochemistry, IHC) are well correlated 
("in general, FISH and IHC results correlate well" (Hanna et al p. 1, col. 2)). It is only a subset 
of tumors which show discordant results. Thus Hanna et al support Appellants 1 position that it is 
more likely than not that gene amplification correlates with increased polypeptide expression. 

Appellants have clearly shown that the gene encoding the PRO 1293 polypeptide is 
amplified in at least three lung and colon tumors. Therefore, the PRO 1293 gene, similar to the 
.HER-2/neu gene disclosed in Hanna et al, is a tumor associated gene. Furthermore, as discussed 
above, in the majority of amplified genes, the teachings in the art overwhelmingly show that gene 
amplification influences gene expression at the mRNA and protein levels. Therefore, one of skill 
in the art would reasonably expect in this instance, based on the amplification data for the 
PRO 1293 gene, that the PRO 1293 polypeptide is concomitantly overexpressed. 
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However, even if gene amplification does not result in overexpression of the gene product 
(i.e., the protein) an analysis of the expression of the protein is useful in determining the course 
of treatment, as supported by the Ashkenazi Declaration and the Hanna article. The Examiner 
"agrees that evidence regarding lack of over-expression would be useful" but asserts that "there is 
no evidence as to whether the gene products (such as the polypeptide) are over-expressed or not 
in the instant invention" and that "[f]urther research is required to determine such." (Page 6 of 
the Office Action mailed January 3, 2005). The Examiner appears to view the testing described 
in the Ashkenazi Declaration and the Hanna article as experiments involving further 
characterization of the PRO 1293 polypeptide itself. In fact, such testing is for the purpose of 
characterizing not the PRO 1293 polypeptide, but the tumors in which the gene encoding 
PRO 1293 is amplified. The PRO 1293 polypeptide and the claimed antibodies which bind it are 
therefore useful in tumor categorization, the results of which become an important tool in the 
hands of a physician enabling the selection of a treatment modality that holds the most promise 
for the successful treatment of a patient. 

For the reasons given above, Appellants respectfully submit that the present specification 
clearly describes, details and provides a patentable utility for the claimed invention. 
Accordingly, Appellants respectfully request reconsideration and reversal of the rejection of 
Claims 28-32 under 35 U.S.C. §101. 

ISSUE II: Claims 28-32 satisfy the enablement requirement of 35 U.S.C. §112, first 
paragraph. 

Claims 28-32 stand rejected under 35 U.S.C. §112, first paragraph, allegedly "since the 
claimed invention is not supported by either a specific and substantial asserted utility or a well 
established utility for the reasons set forth above, one skilled in the art clearly would not know how 
to use the claimed invention. 1 ' (Page 4 of the Office Action mailed January 3, 2005). 

In this regard, Appellants refer to the arguments and information presented above in 
response to the outstanding rejection under 35 U.S.C. § 101, wherein those arguments are 
incorporated by reference herein. Appellants respectfully submit that as described above, the 
PRO 1293 polypeptide and the claimed antibodies that specifically bind it have utility in the 
diagnosis of cancer and based on such a utility, one of skill in the art would know exactly how to 
use the claimed antibodies for diagnosis of cancer, without undue experimentation. 
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Accordingly, Appellants respectfully request reconsideration and reversal of the 
enablement rejection of Claims 28-32 under 35 U.S.C. §112, first paragraph. 

ISSUE III: Claims 28-32 are not anticipated under 35 U.S.C §102(a) by Botstein et al, 
WO 2000053751 or Baker et a/., WO 200012708 

Claims 28-32 stand rejected under 35 U.S.C. § 102(a) as being anticipated by Botstein et 
al., WO200053751, published on September 14, 2000, and by Baker et al, WO200012708, 
published on March 9, 2000. 

Appellants submit that, as discussed above in response to the outstanding rejections under 
35 U.S.C. §101 and 35 U.S.C. §112, first paragraph, for alleged lack of utility and enablement 
(Issue I and Issue II), Appellants rely on the gene amplification results (Example 143) to establish 
a credible, substantial and specific asserted utility for the polypeptide PRO 1293. These results 
were first disclosed in U.S. Provisional Application Serial No. 60/162,506, filed on October 29, 

1999. As discussed above, the disclosure of the instant application, which is similar to that of the 
earlier-filed application (U.S. Provisional Application Serial No. 60/162,506), provides the 
support required under 35 U.S.C. §112 for the subject matter of the instant claims. Accordingly, 
Appellants submit that the subject matter of the instant claims is disclosed in the manner 
provided by 35 U.S.C. §1 12 in U.S. Provisional Application Serial No. 60/162,506. Therefore, 
the effective filing date of this application is October 29, 1999, the filing date of U.S. Provisional 
Application Serial No. 60/162,506. 

The PCT patent application by Botstein et al, WO2000053751, was published on 
September 14, 2000, which is over ten months after the effective filing date of the instant 
application; hence Botstein et al is not prior art. 

The PCT patent application by Baker et al, WO200012708, was published on March 9, 

2000, which is over four months after the effective filing date of the instant application; hence 
Baker et al is not prior art. 

The Examiner has asserted that the subject matter of the claimed invention "is not 
supported by the disclosure in. . .60/162,506, filed October 29, 1999, since the prior application 
does not provide a specific and substantial utility or a well established utility for the claimed 
invention." The Examiner has further asserted that "the increased copy number of PRO 1293 
DNA in said tumors, does not provide a readily apparent use for antibodies that bind to the 
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polypeptide of SEQ ID NO:77, because the assay does not show that the polypeptide is also 
amplified in these tumors." (Pages 2-3 of the Office Action mailed January 3, 2005). 

In this regard, Appellants refer to the arguments and information presented above in 
response to the outstanding rejections under 35 U.S.C. §101 and 35 U.S.C. §112, first paragraph, 
for alleged lack of utility and enablement. These arguments are incorporated by reference herein. 
Appellants respectfully submit that as described above under Issue I, the presently claimed 
invention is supported by a specific, substantial and credible utility and, therefore, the present 
specification teaches one of ordinary skill in the art "how to use" the claimed invention without 
undue experimentation, as described above. 

Accordingly, Appellants respectfully request reconsideration and reversal of the rejection 
of Claims 28-32 under 35 U.S.C. § 102(b) as being anticipated by Botstein et al or Baker et al 
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CONCLUSION 



For the reasons given above, Appellants submit that the specification discloses at least 
one patentable utility for the antibodies of Claims 28-32, and that one of ordinary skill in the art 
would understand how to used the claimed antibodies, for example in the diagnosis of lung and 
colon tumors. Therefore, Claims 28-32 meet the requirements of 35 U.S.C. §101 and 35 U.S.C. 
§112, first paragraph. Further, this patentable utility for the claimed antibodies was first 
disclosed in U.S. Provisional Application Serial No. 60/162,506, filed on October 29, 1999, 
priority to which is claimed in the instant application. Accordingly, the instant application has an 
effective priority date of October 29, 1999, and therefore Botstein et al, WO200053751, 
published on September 14, 2000, and Baker et al, WO2000 12708, published on March 9, 2000, 
are not prior art and do not anticipate the claims under 35 U.S.C. § 102(a). 

Accordingly, reversal of all the rejections of Claims 28-32 is respectfully requested. 

Please charge any additional fees, including fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (referencing Attorney's Docket 
No. 39780-2830 P1C4) . 
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275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



Respectfully submitted, 



Date: November 22, 2005 




Barrie D. Greene (Reg. No. 46,740) 
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8. CLAIMS APPENDIX 

Claims on Appeal 

28. An isolated antibody that specifically binds to the polypeptide of SEQ ID NO:77. 

29. The antibody of Claim 28 which is a monoclonal antibody. 

30. The antibody of Claim 28 which is a humanized antibody. 

3 1 . The antibody of Claim 28 which is an antibody fragment. 

32. The antibody of Claim 28 which is labeled. 
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9. EVIDENCE APPENDIX 

1. Declaration of Audrey D. Goddard, Ph.D. under 37 C.F.R. §1.132, with attached Exhibits 
A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al., "Simultaneous amplification and detection of specific DNA 
sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al., "Oligonucleotides with fluorescent dyes at opposite ends provide a 
quenched probe system useful for detecting PCR product and nucleic acid hybridization," PCR 
Methods Appl 4:357-362 (1995). 

D. Heid, C.A. et al., "Real time quantitative PCR," Genome Res. 6:986-994 (1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue growth factor 
family that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human colon 
tumors," Proc. Natl. Acad. Sci. USA 95:14717-14722 (1998). 

F. Pitti, R.M. et al., "Genomic amplification of a decoy receptor for Fas ligand in lung and 
colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain reaction using real- 
time detection: Application to the detection of gene amplification in breast cancer," Int. J. Cancer 
78:661-666 (1998). 

2. Declaration of Paul Polakis, Ph.D. under 37 C.F.R. §1.132. 

3. Declaration of Avi Ashkenazi, Ph.D. under 37 C.F.R. §1.132; with attached Exhibit A 
(Curriculum Vitae). 

4. Orntoft, T.F., et al., "Genome-wide Study of Gene Copy Numbers, Transcripts, and 
Protein Levels in Pairs of Non-Invasive and Invasive Human Transitional Cell Carcinomas," 
Molecular & Cellular Proteomics 1 :37-45 (2002). 

5. Hyman, E., et al., "Impact of DNA Amplification on Gene Expression Patterns in Breast 
Cancer," Cancer Research 62:6240-6245 (2002). 
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6. Pollack, J.R., et al., "Microarray Analysis Reveals a Major Direct Role of DNA Copy 
Number Alteration in the Transcriptional Program of Human Breast Tumors " Proc. Natl. Acad. 
Sci. USA 99:12963-12968 (2002). 

7. Hanna, J.S., et al., "HER-2/neu Breast Cancer Predictive Testing; 9 Pathology Associates 
Medical Laboratories (1999). 

8. Hu, Y. et al., "Analysis of genomic and proteomic data using advanced literature mining," 
Journal ofProteome Research 2:405-412 (2003). 

Items 1-3 were submitted with Appellants 1 Response filed August 19, 2004, and made of record by 
the Examiner in the Office Action mailed January 3, 2005. 

Items 4-7 were made of record by Appellants in their IDS filed August 19, 2004, and marked as 
considered by the Examiner on December 12, 2004. 

Item 8 was made of record by the Examiner in the Office Action mailed January 3, 2005. 
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10. RELATED PROCEEDINGS APPENDIX 

None. 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 C J.H § 1-132 

Assistant Commissioner of Patents 
Washington, D.C. 2023 1 

Sir: 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, anddetenriination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et -a!., PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al., Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad. Sri. USA 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(67 12);699-703 (1998) (Exhibit F) and Bieche et a/. Jnt J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



Date 



Audrey D. Goddard, Ph.D. 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
PartHSubteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 



Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

University of Toronto 
Toronto, Ontario, Canada. 1 989 

Department of Medical 
Biophysics. 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 1989-1992 

Medical Research Council Studentship 1983-1988 

NSERC Undergraduate Summer Research Award 1983 

Society of Chemical Industry Merit Award (Hons. Biochem.) 1983 

Dr. Harry Lyman Hooker Scholarship 1981-1983 

J.LW. Gill Scholarship 1981-1982 

Business and Professional Women's Club Scholarship 1980-1981 

Wyerhauser Foundation Scholarship 1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel, genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology L Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gumey AL NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gumey A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A. Fong S. Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL. Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL; Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ. Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q t Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ t Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G f Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL f Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22 f a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S,' Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein sou!less/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J t Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood .W I, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(671 2): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. ScL USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficienUoute to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J f Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube* This enhancement 
required die addition of ethidium bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the ampfification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PCR 1 to clin- 
kai diagnostics arc well kuowiv*'*, it is still not 
widely used in this setting, even though is 
feint- years unco thcrroof**U* DMA pcwyrrief-- 
ase** made PCR practical. Some of the reasons for its slow, 
acceptance are high cost, lack, of automation of pre- and 
post-PCR processing steps, and false positive results, from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once tbermocy- 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybrid* woon 5 * gel electrophoresis with or 
without use of restriction digestion*;*/ HFCC*, or capillary 
electrophoresis 10 . These methods are labor-intense, have 
low throughput, and are difficult to automate. The third 
point is also closely related to downstream processing. 
The handling of the rCR product in these downstream 
processes increases the chances that aun^Ufied DNA '.will 
spread through die typing lab, resulting in a .risk of 



carryover* false positives in subsequent testing". 
These downstream processing steps would be elimi- 
nated rf specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place without, the need to separate reaction components 
have been termed ^mogeneous"'. No truly hbmogc-. 
neous PCR assay has been demonstrated, to date, although 
progress towards this end has been reported. Chehab, et 
al™ developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AHc4c-specinc primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the raincorporaied primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al. 15 . developed an assay in 
which the endogenous 5' exonudease assay of Tcq DNA 
polymerase was exploited to deave a labeled oligonucleo- 
tide probe. The probe would only cleave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the cleavage products, however, a subse- 
quent process w again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon the greatly in- 
creased fluorescence that ethidium 'btoinJde and other 
DNA binding dyes exhibit when they are bound to ds- 
DNA l *^ ie . As outhncd in Figure 1, a prototypic PCR 
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flQVRE I Principle of simultaneous amplification and detection of 
PCR produce The couipoocnti of a PCRcoatainn^; Et3r chat are 
fluorescent are listed— £tBr ttselC EtBr bound to other ssDNA or 
dsDN A- There is * Jac§e fiuorcsconcc enhanrrcnent when EtBr is 
bound (o DNA and holding u gi*catly enhanced when DNA .is 
double-stranded. After suWdcnt (n)..cydcs of PGR. the.net 
increase 'in cUDNA results in addhionai EtBr binding, and a net 
increase in total fluorescence; 
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WW t Gel electrophoresis of PC& amplication prod wets of the 
human, nudcar gene, HLA DQtx, made in the pretence of 
increasing amounts of EtBr (up to 8 H-g/ml). The presence of 
EtBr Jim no obvious effect on the yield or apedftdty of amplifi- 
cation. 



A. 





HOTtf % (A) Fluorescence measurement* ir&Gi PCRs that contain 
0.5 pgfai! EtBr and that are specific for Y^irottHwoxnc repeat 
sequence*. Five replicate PGRs *ere begun containing each ot the 
DNA* specified. At rack indicated cycle. One of the five replicate 
PCfcs for cadi DNA was rcraoved from thcrmocyding and Ht 
fluorescence measured. Units of fluorescence are arbitrary, (ft) 
UV photography of PGR tube* (0.5 ml Eppcndorfctyic, polypro- 
pylene microcentrifuge tubes) containing reactions, those start- 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A). 



begins with primers that are jungle-stranded DNA (ss* 
DNA), dNTPs, and DNA polymerase; An* amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per FCF^ 8 . If EtBr is present the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr Hscif, and EtBr bound to the stngksfilrandcd 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doobJc-hefix). After the first denaturation cycle, target 
DNA will be largely single-stranded. After a KR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smaJL The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification, vessel 



before and after, or even continuously during, thermoey- 
ding. 



RESULTS 

PGR in fiie presence of EtBr. In order to assess the 
affect of EtBr to PGR, amplifications of the human HLA 
DQct gene* 9 were performed with the dye present at 
concentrations from 0.06 to 8.0 figfau (a typical concen- 
tration of EtBr used in staining of nucleic acids following 
gel electrophoresis is 0.5 ug/mf). As shown in figure 2, gej 
electrophoresis revealed Utile or no difference in the yield 
or quality of the amplification product whether' EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR, 

Defection of human V-chrontowtuo specific t?t> 
aiiences* Sequence -specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a scries of 
amplifications containing 0.5 jxgfml EtBr and primer* 
specific to repeat DNA sequences found on the human 
Y -chromosome^- These PCRs initially contained either 
60 ng male. 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0> 
17, 21, 24 and 29 cycles of therniocyding, a PGR lor each 
DNA was removed from the therinocycler, and its. fluo- 
rescence measured in a spectrofluorometer and plotted 
Vs. amplification cyde number (Fig. 3A). The shape of this 
curve rcficcts the fact that by the rime an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number; 
As shown, the fluorescence increased about three-fold 
orer the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
. cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrou&jrests on the products of these 
amplifications showed that DNA fragments of the ex- 
pected srze were made in the male DNA containmg 
reactions and that hide DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a W 
transuhiminator and photographing them through a red' 
filter. This is shown to figure SB lor the reactions thai 
began with 2 ng male DNA and those with no DNA- 

Detection of specific allele* of the human p-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetk screening, a detection 
of the s*cklc-ccu anemia mutation was performed Figure 
4 shows the fluorescence from completed amplication* 

containing EtBr {OS iigSml) a« detected by photography 
of the reaction tubes on a UV aamiuaminator. These 
reactions were performed using primers specific for ei- 
ther the. wild -type or skkk-ceu mutation of the human 
p^obin gene". The specificity for each allele is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus am- 
ptiocatioh--<an take place only if the 3' nucleotide of the 
primer is complementary to the 0-gtobin allele present** • 
Each pair of amplifications shown in figure 4 consists of 
a reaction with etcher the wild-type allele Specific (left 
tube) or stcklc-aUeie specific (right tube) primers. Three 
different DN As. were typed: DNA from a homozygous, 
wftd-typc p-globin individual (A A); from a heterozygous 
sickle 0-giobin individual (AS); and from a homozygous 
sickle p-glsbio individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m trioleate (3 pain 
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0 f reactions each). The DNA .type was reflected in the 
^jatrvc fluorescence intensities in each pair of completed 
applications. There was a significant increase in fluores- 
cence only where a £~globin allele DNA matched the 
primer set. When measured on a spcctrofloororactcr 
{Jjata not shown), this fluorescence was about three times 
dtft present in a PCR where both 0-globm alkies were 
^matched to the pnmer $et> Gel ckarophoresi* (not 
phown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p-giobin. There was 
little synthesis of dsDNA in reactions in .which the alkle- 
jpedfic primer was mismatched to both alleles. 

Continuous mwitorrag of a PCR. Using a fiber optic 
devtcerit is possible to direct excitation illumination from 
p j^octrofluorometer to a PCR undergoing: thcrmocycling 
and to return its fluorescence to the srjccrjroftuorwnetcr. 
The fluorescence readout of such an arrangement, di- 
rected At an EtBr-containing amplification of Y<hroroo- 
sorac speci6c sequences from 25 of rmman mate DNA, 
U shown in Figure 5. The readout from a control PCR 
wiili no target DNA is also shown. Thirty cycles of PGR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and . falls uiYCrscJy with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (<M°C) and maximum atthcanneaUn^exterision 
temperature (50X). In the negative-control PCR, these 
fluorescence maxima and minima do not change, signifi- 
cantly over the thirty tbcrrnocyclce, indicating that there is 
Bttlc dsDNA synthesis without the appropriate target 
DNA, and there b little if any bleaching of EtBr during 
the continuous illumination Of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of thcrrooCyding, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturation temperature do not 
significantly increase, presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the ftuorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing Sample and no detectable DNA 
sytnhesis for the control sampte. 

DISCUSSION 

Downstream processes such as hybridization lo a ae- 
quence-Apecific probe can enhance tlie specificity of DNA 
dccevtAMii try PCR. The cHminatkm of Uvcie processes* 
means that the specificity of this homogeneous assay 
depends solely on that of FCR. In the case of sickle-cell 
disease, we have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
Appropriate amplification conditions, there is little non- 
Specific production of dsDNA in the absence of the 
appropriate target allele. 

H)e specificity required to detect pathogens can be 
more or less than that required* to do generic screening, 
depcoding on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which retnaircs detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on cdb containing at least 
one copy of die target sequence, HIV [detection requires 
both more specificity and the input of more total 
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UV photography of PCR tubes oontairuru* JmipUfic«troiu 
using EtBr that are speortc to wild-type (A) or ife&c (S> slides of 
the faumm p-globin gene. The left oJt each paired tubes contains 
4liek~tpcctfjc primer* to the wild-type afleks, the right tube 
prunefs to the skWe attek- The photograph was tafceh after 30 
cycles of PCR^aod the input DNAs and the alleles they contain 
are indicated, fifty ng of DNA was used to bcem PGfl Typtng 
was done in triplicate (3 pairs of PCR*) for cadi input DNA 
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ROTS S Continuous, reat-thne ino tutoring of a PCR. A fiber optic 
was wed to carry- excitation fight to a PCJR m progress aod abo 
emitted tight back to a floorornctcr (see Exoentncntal protocol), 
AmpHGcaUou usio^ human malo-DNA specific primers in a PCR 
starting with 20 ng of human male DNA (top), or in x control 
PCR inthout DNA (bottom), were roonkorrd. Thirty cydes of 
PGR were foJk>wed for each. The temperature Cycled between 
94*C (denaturauon) and 50*0 (annealing and extension}. Note in 
the male DNA PCR,. the cycle (tune) <k pendent increase in 
fluorescence at the aoueafin^extension temperature. 
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DNA — iip to micrograro amount*— in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA in an amplification signt&canUy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs whh targets in low 
copy-number is the formation of the •^mer^imer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification* and can compete whh 
true PCR targets if those targets are rare. The primer- 
dimcr product is of course d$DNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr antpUficanon. we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplification* that take place in a single tube 3 , and the 
-hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins* 5 . Prdnninary results using these ap- 
proaches suggest that •pruncrHJimer is effectively reduced 
and it is possible to detect the increase in EcBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* edls. With larger number* of ccfls, the 
background fluorescence contributed by genomic DNA 
become* problematic- To reduce this background, it may 
be possible to use seq^enre-specinc DNA4>inding dyes 
that can be made to prcfcrenuaJly bind PCR product over 
genomk DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to , 
the oUgoniKlcotide primer* 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this -assay. Hie fluorescence analysis 
of completed PCRs is alreadyjiosstblc with existing instru- 
mentation in 96-well format**. In tliis format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during therrnocycimg by moving 
the rack of PCRs to a 9$-mittowcll plate fluorescence 
reader* 0 , . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple nberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected, Prcltnii- 
nary experiments <Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in generic scTeejiing-^TContinuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles. of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for e3cample..mhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles — many more' than arc necessary CO detect a true 



positive- If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on die presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based On this 
principle is ready for the chriic, ah assessment of its false 
positive/false negative rates wfll need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect speci&c DNA amt>Uncation from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 



EXPERIMENTAL PROTOCOL 

Human HLA-DQ« gene *oipttfkauot*s crataiiung LtBr. 
PCRs were set up in 100 pX volumes containing 1 0 mM Tris-KQ. 
pH 8.S; 50 mM KC1; 4 mM MgC^: S-5 units of Taq DNA 
polymerase (PerVm-EHrtcr Cctua, Norwalk* CT>; 20 pinole caca 
of human HtA-BO** * gene specific olieonucleouoe primers 
(m26 and CH27 19 and approximately HP copies of DQ& PCk 
product diluted from a previous reaction. Elhidium bromide 
(EtBr; StgtwA) was used at Uhe conccatrauons indicated in Figure 
2. Thcrmocyding proceeded for 20 evd« in a model 480 
uScrmocvdcr (Perfciv«EJ«cr Ccm*, Norwalk, CT) uan|a Jstcp- 
cyeic" program of 94*C for I mm* dcualuration and 60V- for SO 
sec. flnneam\g and 72*C for SO sec extension, 

Y^chromoromc specific PCR. PCRs (100 ul tool rcadioo 
wlumc) containing 0.5 y^fml EtBr were prepared as described 
for HLA-DQo, except with drttcrcnt primers and target DNAs. 
These PCRs contained J 5 pmofc each male DNA-ipcctfjc prime** 
YI. 1 and V add cither 60 ng male, 60 ceferoate, 2 ng male, 
or no human 1>NA. ThcrmocyCling was94\JTor I min. and 60^C 
for I min using a "step-cycle* program- The number of cycles For 
a sample were as mdtcated in figure 3. Fluorescence measure- 
m«u is described below. . 

AflcJc-fipccific, human £-gtoHn Amplifications of 

100 fJ volume using 05 ptfi/ml of *tBr were prepared as 
described far HUUDQa above except with dulcrem primers and 
tartct DNAs. These PCRs -contained either, primer pair HGPf 
HBMA <wBd-type gW« specme primer*) or MCmipi4S (sick- 
le-giobin specific primers) at 10 pmole each primer per PCR. 
These primers were developed by Wu ct aL 21 . Three different 
target UNA* were o*od tn separate amplification*-^ ng each of 
human DNA that was homozygous for the sickle trait <$S). DNA 
that was faterozyrous for the sickle tratt (AS), or DNA that *r*s 
homozygous for the w.t- ^lobin (AA). ThcrmocycEng was for 30 
cycles at *TC for I min. and 55*C for 1 min. itsutt a "stcp<yck 
pioeram. An anneaHng Wmpcraturc of h*d been shown try 
Wu et al s< to provide allclc^podfic atJipIihcaUon. Completed 
PCRs were phertographed through a red filter <Wratten_23A) 
after placing ; the rcacrion tubes atop a model TM-S6 IransiBuCfti- 
nator (UV-products San Gabrid, CA>. 

Fluorescence mexsrur^m^m. Fluorescence measure mxrtt t-vvvct* 
made oh PCRs containing EtBf in a Fluorolog^ UOorumetcr 
(SFEX. Edison. NJ). ^citation was at the &00 ^ baud kj* 
•ibouVi nm bandwidth with a GO 43S «™J^^^Sf T^mH^ 
Crist Ino. Irvine. CA) to exclude second-order light vm™* 
yght was detected at 570 nm with a bandvndth^f about 7 nm. An 
OO 530 cm cut-off flhcr was used to remove the exotauon tujjjt. 

Contfooouft nuor^cence xnoniiortng of- PCR. f^nrmuous 
monitoring of a PCR in progress was accomprwbed using^ die 
Bpcctrofluoromeier and letcings descrcbod above as vrcU ^ 
nWroptkr accessory (SPEX cat. no. 1950) to both send exotauon 
fight to. and receive emitted Ught from, a PCR placed m a weHof 
a model *80 ihcrmocyclcr (Pcrkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 W^^P^' lo 
open top of a PCR tube (a 0.o d ' " 
with its cap removed) efTeciiveV 
Oie PCR tube and the end of d — . . 
from room light and the rooco lights were kept dmuned durmg 
each run. The monitored PCR was an ampufleauon of V-c* 1 ^ 
mo^dmc^pedfk repeat scqveuces as ckscribed ibove, except 
usmff anarmcahngfectenskm teroperauirc of 50X. TTiereacrjon 
was covered with mineral oil (2 drope) to prevent cvaporauon 
The^ocycfing- and fluorescence DO wurcment yttc star ted ^ 
multancously . A umc-basc son wit*i a 10 second mtegraUOO nine 
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utcd and <ho emkaoa signal was ratioed to the excitation 
•ugo*] u> control foe <h?t)ges in Heftwourtc intensity. Data were 
collected using the dn>5O0Of, version X,5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



$CD-14EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14. js a receptor for lipopoh/saccharide 
(LPS) complexed to LPS-8inding-Protein (UBP). The 
concentration of Its soluble form is altered under 
certain patliological conditions. There is evidence for 
an Important role of $CCM4.vvith polytrauma, sepsis, 
burnings and innanirnations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and Is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monocfonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/mi 
detection limit 1 ng/rrri 
CV: intra- and interassay < q% 



For more information call or fax 



GHSELLSCHAFT FUR IMMUNCHEMIE UND -BIOLOGIE MBH 

OSTERSTRASSE86-D-2000 HAMBURG 20 GERMANY TEL. +40/491 00 fil-64 • FAX + 40/4011 98 
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Real Time Quantitative PCR 
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Wc have developed a novel "real dm«" quantitadve PCR method. The method measure* PCR product 
accumulation through a duaMabded fluorogenlc probe (Lc„ TaqMan Prob«). This method provides very 
accurate an<l reproduce quantitation of gene copies. Unlike otter quantUatlVft PCR methods, real-time PCR 
does nor require posvPCR sample handling, preventing potential PCR product carry-over contamination and 
resulting In much raster and higher throughput assays. The r*aMlm« PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative- PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rule in many fields of biologi- 
cal research. -Measurement of gene, expression 
(RNA) has (wen used extensively In monitoring 
biological responses to various stimuli (Tan el JH\ 
1994; Huang el ai. I995a,b; PrudTiommo et at. 
1995). Quantitative gene analysis (DNA) has 
ix-cn used to determine the genome quantity of * 
particular gene, as in the case, of the human HEK2 
gene, which is amplified in -30% of breast tu- 
mors (Slarnon ut ai. 1987). Gene and genome 
quantitation (DN A and UNA) also have been used 
for analysis of human inununodeficiency virus 
(IIJV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; i'latak ct al. w:$n; 
Purtado et al. 1995). 

Many methods have been described for flu: 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern 19/5; Sharp et 
al. 19H0; Thomas 19«0). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (K'0-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little a* one cell equivalent). This has made pos- 
sible many experiments that could nol hnve been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



rtTnlvfc 



thai it be uaeU properly for quantitation (U««y- 
maehrrs 1995). Many early reports of quantita- 
tive: PCR and RT-PCF described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. II is essential to design 
projxrf controls for the quantitation of the initial 
target sequences (Herrc 1992; dementi ct al. 
100?.) 

Kvftfcftrchcxs have developed several methods 
of quantitative PGR and UT-PCR, One approach 
measures PCR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1990; Pang et a). 1990). This method requires 
(hat each sample has equal input amounts of 
nucleic- add and that each sample under analysis 
amplifies with identical efficiency up to the point 
of quantitative analysis. A gene sequence (con- 
tained in nil .samples at relatively constant quan- 
IHUtt, such as p-actln) can be used fnr sample, 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is ext remcly laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC)-PCK, has been developed 
and Is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor t» each reaction (Bockcr-Andrc 1991; 
Platak ct al. 1993«,b). The efficiency of each re- 
action Is normalised to the internal competitor. 
a wnnwn zmimitil of Internal competitor can be 
anniM 7nc« no/ wj «e:f»T 7nn7/cn/7T 
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addod to each sample. To obtain relative quant* 
tatlon, the unknown large! PCR product is com* 
pared with the known competitor \K''M product. 
Success of a quantitative competitive VCli assay 
relies on acvcloplng an Internal control il lal am- 
plifics with the same efficiency as tliv cui^vt mol- 
cculc. The design of the coinpctitoi and the vali- 
dation of amplification efficiencies icquirc a 
dedicated effort. However, because QCMKIK does 
not require that PGR piinlucls be analyzed during 
the lot; phase of the amplification, it is th« easier 
ur the two methods to use. 

Several detection systems uie used for quan 
Utative l'CK and RT-P<:tt analysis; (1) agarose 
gels, (2) .fluorescent labeling of PC ill products and 
detection with l«iaer-iiuluce.d fluorescence using 
capillar)' eif.cfnifjlioTe.iia (Pasco el aJ. 1995; Wil- 
liams et at. 1996) or acrylaiuldc gela, and (3) plate 
capture and sandwich probe hybrid l*all< m (Mul- 
der el ah 1994). Although these method* pruvrU 
successful, each method requires posl-l>CR ma- 
nlpularlons Thar add Time to the analysis and 
may lead to labumtoty i oi it nun* nation. The 
sample throughput of these method* i.s limited 
(with tin- exception of the plate capture ap- 
proach), ami, therefore, these methods arc not 
well suited ftn u>o demanding high sample 
Throughput (I.e., screening of large numbers of 
hli>tluil«n.ulc^ ui analysing Samples fun diagnos- 
tics or clinical trials). 

Here we report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on Die tiseof the % V nuclease assay first 
described by Holland et al. (1991). The method 
uses the -V nuclease activity of 7<i</ polymerase to 
cleave a noncxlcndlblc hybridization probe dur- 
ing the extension phase of I'GK- The approach 
uses dual-labeled fluorogcnic hybridization 
probes (Lcc et al, 1993; Husslcr ct al. 1995; Uvak 
el al. J995a,b). One fluorescent dyv serves as a 
reporter |PAM (i.e., o-carboxynuorvsecin)! and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (he,, o-carboxy-tetramethyl- 
rhodaminc). The nuclease degradation of the hy- 
brtdi/iitloii probe releases the quenching of the 
I'AM i'luorcscciU emission, resulting in an In- 
crease hi peak fluorescent emission at 51 nm, 
The use Of a sequence detector (Alii Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the thermal cycler continuously during the 
1*CK amplification. Therefore, the reactions tue 
uionitored in real lime, TJie output data is de- 
scribed and quantitative analysis of input target 
DNA sequences is discussed below. 



RESULTS 



PGR Product Derccrlon in Real Time 

The goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmld encoding human factor 
VIII gene sequence, pI«'8TM (see. Methods), was 
used as a model therapeutic gerie. The assay usr< 
fluorescent Taqroan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alil Prisiii 7700 Sequence Selector). Thu 
Taqman reaction requires a hybridisation probe 
lalxkd with two different fluorescent dyes. One 
dye is a reporter dy« (I'AM), the other is x quench- 
ing dye (TAMRA). When the proU: is intact, fluo- 
tcscent energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During tlic extension 
phase of the PCK cycle, the .fliiorc&ccni hybrid- 
1/jillon probe Is cleaved by the 5'-3' nuclcolylic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
suiting In an increase of the reporter dy« fluores- 
cein: cmbwloii spectra. PCR primers mid probes 
were designed fix the human factor VI 11 se- 
quence and human (5-aetln gene (as descnlied in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium concentrations yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge-coupled device (i.e. CCD camera) for 
measuring the fluorescent emission spectm from 
S0O to rtSO nm. Kach rc;it tube was monitored 
sequentially for 25 msec with continuous moni- 
toring throughout the aniplificaticMi. iiach lube 
wo« rr.-cxandrjed every (1.5 sec. Computer soft- 
ware was designed to examine the fluorescent In- 
tensity c*f both the reporter dye (FAM).and 
the quenching dye (i'AMRA). The lluoresccrtt 
intensity of the quenching dye, TAMUA, changes 
very little over the course of the PCR anipllfh 
cation (data not shown). Thcrefoni, the intensity 
of TAM11A dye emission serves as an internal 
standard with which to normal bus the reporter 
dye (l ; AM) emission variations. Tl^e software cal- 
culates « value, termed ^Rn (or AftQ) using the 
following equation: ARn - (lUi 4 ) (Un'") l where 
Kn 4 .• emission intensity u/ roporier/emissi*>u in- 
tensity of quencher al any given time In ft rcftc 
tlon tube, anil Ru -emission intensitity of re- 
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portcr/cmisslon Intensity of quencher measured 
prior 10 |»CK jimplHicaUoii in th;ir same reaction 
tube. Vor the purpose of quantitation, the la.u 
three data points (ARm) collected tlurlng the ex- 
tension step for each 1 J C:K cycle were analyzed. 
The micleolytic degradation of the. ityuridix-tiion. 
probe occ urs durtng'ihc extension phase or rc at, 
and, therefore, reporter fluorescent cuua&iun in- 
creases during tills lime. Jlu: three data points 
were averaged for each KJk cycle and the mean 
value for each was plotted in an "aiupllUcatton 
plot" shown In J'itfurc 1 A. The AKn mean value is 
plotted on the >A.axls, and time, represented by 
cycle number, is plotted on thc*-axis. During the 
early cycles of the PCR amplification, the ARn 



value remains at base line When sufficient hy- 
brid! /at Ion probe has been cleaved by the Tin} 
jxriymcrasc nuclcAfio activity, the intensity of re- 
porter fluorescent emission iiierea&et.. Most PCU 
ainpIifiu»t|oiis reach » plateau phono of reporter 
fluorescent emission if the reaction Is carried out 
10 high cycle iiu/iiK-in. The ampliflcAlion plot Vj 
examined vaiJy in |h* reaction, ut a point lhai 
icj>icscnts tin- log phase of product arrmnula* 
tioii- This Js done by aligning an arbitrary 
threshold thai is based on the variability of the 
bmsllneduiA. In Ngure 1 A, the Ihffcshold whs set 
at It) standard deviations above the mean of 
Via^e Un<i emission tralculared froiii i.ydua 1 lo J fv 
Once the threshold is chosen, the point at Which 
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Figure 1 PCR product detection in real time. (A) The Model 770Q software will construct amplification iplcts 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from thfc base line of the amplification plot C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold llmil (usually 10 times the 
Standard deviation of the base line), (S) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with fi-actin primers. (C) Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crossca tilt 1 thresh old' ivde 
fined as C r . C r is reported us the cycle number n\ 
this point. Ar will be demonstrated, the CI, .value 
la pi edict] v e of the quantity of input target. 

Cy Values Provide a Quantitative Measurement, of 
input Target Sequences 

Figure IB shows amplification plots of l£*<drffc»-- 
ml TCR amplifications overlaid. The Amplica- 
tions wero performed on a 1:2 serial dilution 
human genomic DNA. The amplified target w:u 
human p ttctin. The amplification j>loru Hhifl to 
the right (to higher threshold cycles) n* the input 
target quantity h reduced. 'Phis is expected ho. 
mum rtwctlorus with fewer starting eopinx of tlie 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 
determine the O r valuer Figure 1C represents the 
Cy values plotted versus' the sample dilution 
value, Bach dilution was amplified in triplicate 
PC.R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with Jncrcafr 
ing target quantity, Thus, C r values can be used 
as « quantitative measurement of I lie input target 
number. It should be noted that tin* amplifica- 
tion plot for the I5.6»ng sample shown In Figure 
1H does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves cndpolni pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This pJiunom* 
cnon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under Investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated C, value as 
demonstrated by the fli on the line shown in 
Figure 1C Ail triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.3 for any dilution, This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. ol fluorescent in- 
tensity measurement of the. AIM Prism 7700 $c- 
« - ■ • . . . 

anuro 
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mi»ms over n very large rau^c* of relative starling 
target quantities. 

Sample Preparation Validation 

Several parameters influence the ef Helen ry of 
PCR amplification: magnesium and salt conceit; 
nations, reaction conditions (i.e., time and tem- 
perature), PCU target size and composition, 
primer sequences, and sample purity. All of The 
above (actors are common to a single Villi assay, 
except sample to sample purity, in an effort to 
validate the. method of sample preparation for 
the iactor VJ11 assay, PCR amplification reproduc- 
ibility and efficiency ol 10 replicate sample 
pi vibrations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quouiUaicd by Ul/avlolcl spectroscopy. 
Amplifications were performed analyzing p-aciln 
gene, content in 100 and 25 ng of total genomic 
DNA. fcach PCJR amplification was performed in 
triplicate. Comparison of C r values for each trip, 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Therefore, each ol the triplicate PGR 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation Into the 
quantitative PCU analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-acUn gene quantity. The highest (,j 
difference between any of rhe samples was 0,55 
and 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Pig. 2). 
Any sample containing an excess of a PCX inhibi- 
tor would exhibit a greater measured p-actin O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Hg, Z), altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating- that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analysis of a Plasinid After 

7nc« no/ wj «c:&t 7nn7/cn/7T 
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To bio 1. Reproducibility of S«ropl« Preparation Method 



Samplo 



no. 



10 



Mean 



100 ng 



standard 
m£i*n deviation 



CV 



18.24 

18.23 

13.33 

18.33 

18.35 

18.-14 

18.3 

18.3 

18.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

18.66 

0 10) 



1v.27 



18.55 
18.12 



0.06 



0.06 



18.34 0.07 



18.23 o.oa 



10.42 0.04 



18.74 0.24 



1B.39 0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

0.3? 

0.36 

0.46 

0,23 

1.26 

0.66 

0.83 

0,55 

0.6S 
0,90 



20.48 

20.S5 

20,5 

20.61 

20.59 

P0.41 

20.54 

20.6 

20.49 

20.48 

20,44 

20.38 

20.68 

20.87 

20,63 

21,09 

21.04 

21 .04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



mean 

20,51 
P0.54 



20.43 

20.73 

21.06 

2Q.6B 

20.86 

20.51 

20.73 
20.66 



standard 
deviation 



0.03 
0,11 



20.54 0.06 



0.05 
0.13 

0.03 

0.04 

0.12 

0.07 

O.I 
0.19 



cv 

0,17 

0.54 

0,26 

0.26 

0,61 

0.15 

0.2 

0.57 

0.32 

0.46 
0.94 



(or -containing a partial cUNA for human factor 
viil, pl-'gTM. A scries of transections was *m 
up uslii£ a decreasing amount of the plasmid\40, 
4, 0.5, and O.l |xg). Tw Hilly-four hours po.st- 
trtinafei'tion, loial DNA was purified from each 
flask uf cclh. p-Aclin ^cnctjuajility vym* chuMrn as 
a value for normali/iation of genomic. DNA con- 
centration from each sample. In litis experiment, 
|i-actin gene content should remain constant 
relative to rota! genomic UNA. Figure 3 shows Die 
result of the p'-actin UNA measurement (100 jiy 
total DNA determined by ultraviolet spectros- 
copy) of each siimple.. Kach sample was analysed 
in triplicate and the mean p-actin Cr values of 
the triplicates were plotted (error bars represent 

rf.j-HioM vwai,nni I hp h IP hwsr n if former 



between any iwd sample moans was O.iJS C,* Ten 
nanograms of total DNA of uach sample were also 
examined fur p-acUn. Ilic results again slmwcd 
that very similar amouillA of genomic 1>NA were 
present; the maximum mean |i act in C: t value 
difference wa.s 1.0. Aa Figure 3 shows, the rale of 
P-actln C v uliunKe Ixrtwoen the 100 and 10-ng 
sami'lca was similar (dope values rang« hutwoon 
3.56 and -3,45). This verifies again that lh« 
method of .sample preparation yields samples of 
identical PGR integrity (>.<*-, no sample contained 
an excessive ainouul of a PGR inhibitor). How* 
ever, these results indicate that each sample con 
talncd slight differences in the actual amount of 
genomic ONA analyyxd. Determination of actual 
nuuuutic DNA concentration was accomplished 
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Figure 2 Sample preparation purity. The replicate 
samples shown In Table 1 wore also amplified In 
tripicate vising 25 ng of each DNA sample. The fig- 
uie sl'iOvVi die input DNA concentration (TOO and 
25 ncj) vs. C, In iho firjurp. ihf» 1O0 and 75 ng 
points for each sample are connected by a line. 



by pi oiling the mean 0-cictin value obtained 
for each 100- ng sample on a p-aciln standard 
v Airve (shown in J'Ih- 40). Tlic actual genomic 
ONA concentration of ench suinpU:, «, was ob 
lalncd try extrapolation fo tliu X<axis. 

Figure 4A shows the measured (S.it., nun- 
normalised) quantities of factor VJJJ pin amid 
ONA (pFSTM) from each of the four transient cell 
transections. Each reaction contained J00 0£ of 
total sample DNA (as determined by UV spectroa* 
copy). l%ach sample w;i.s analyzed in triplicate 



PC:r< amplification*. As shown, pWITvi purified 
>h.oie Jhc cells decreases (mean C f values; in- 
crvr.^it) with decreasing amounts of pla*mid 
ttruitslrUcd. The mean C A values obtained .for 
jjI-VTW in 'Figure 4A were plotted. on a standard 
curve comprised uf seilally diluted pFHTM, 
shown .in figure 4R. The quunllly uJ pl-KTM, b, 
found in each of the four transections was de« 
terminer! by extrapolation to the * axil; of the 
standard curve In l'igurc 4H. Thctse uncorrected 
M values, b, for pWJ*M were normalised m deter- 

mine die actual amount of pI'STM found per 100 
riK of genomic DNA hy using ihc equation:. 

/> x 10 0 lift actual pFRTM copies per 
f f r 100 ng of genomic DNA 

whore a actual -genomic DNA in a .sample and 
/ji-pl : 8TM copies from the standard curve. 'Hie 
normal ir-cd quantity of plOTM per 100 ng of ge- 
nomic ONA for each of the four lran.Vfcr.ilons Is 
shown In Hgure 4J>. 'Hicse roulls Ahem ihai ihe 
quantity of factor Vlll plasmlU associated wiili 
the Zn cells, 24 hr after iransfedioi i, den eases 
with decreasing nJumiiU] cuiiueuLiaiioti used In 
the transection. The quantity of pI B'J M associ- 
ated with. 293 cells, after trunsfectlon wall 40 u,g 
of yiiiKiiiid, was 35 pgper 100 ng {•wioinfc DNA. 
This results in -520 pi asm id copies per cell. 
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Figure 3 Analybb of tmnsfectcd cdl DNA quantity 
and purity- Ihc DNA preparations of thu lour 293 
cell transactions (40, A, 0.5, and 0.1 ng of pF8TM) 
were analyzed for the P-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transacted, the p-actln 
C T values are plotted versus the total Input DNA 



DISCUSSION 

Wo have described a new method for quantiint- 
iuft gene copy numbers using rcaMlmc analysts 
of PCK amplification*. Real-time FCK compat- 
ible with dthcr of the two FCK (KT-FCR) ap- 
proaches: (1) quantitative compeihive where an 
Internal competitor for each target .sequence is 
used for normaH>;aUon (data not shown) or (2) 
quantitative comparative PCH using & uoi medica- 
tion geuc contained within the sample (i.e., p-ac- 
tiii) or a "housekeeping" gene, for in -FCK. If 
equal amounts of nucleic ucld are analyzed for 
each sample and if the amplification cffiiicrtcy 
before quantitative analysis is identical for each 
sample, the internal cujjIkjI (nuimali^lion gene- 
or competitor) should fclvc equal signals for aIJ 
samples. 

The real-time PCH method offers several ad- 
vantages over the other two mclhcxlx <:urrcnlly 
employed (see Ihe Introduction). Tirst, the. real- 
time FOR method Is performed in a closed-tube 
system and requires no post-PCR manipulation 
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Figure 4 Quantitative Analysic of pFSTM in transfcctcd cclb. (/A) Amount of 
plasmid DNtA used for the trunsfeolon plotted against the mean C, value deter- 
mined for pfSTM remaining ?A hr attcr transection, (0,0 Standard curves of 
pPftTM and (i-acdn, respectively. pT8TM DNA <0) and genomic DNA (Q were 
diluted *Arlally 1 ;S before amplification with the appropriate primers. The f*-actin 
standard curvo wa* usxad to normalise the results of A to 100 ri<j of genomic DNA. 
(0) Tho amount of pF8TM present per 100 ng of genomic DNA. 



of snmpk*. Therefore, I he* potential) Tor PCR con- 
la ml nation in the laboratory is reduced because 
amplified product k cut i lie yu nlyy-ed and disposed 
of without opening the reaction lubes. Second, 
this method suppoiU the use of a iiorur<iliw<itlon 
gene (i.e., p-acttn) for quantitative PCR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
Jok phase permits many different genes (over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching read ion 
plateau at different cycles. This will make mulll- 
gene analysis assays much e&itai to develop^ be- 
cause individual internet] competitors will not be 
needed for ench gene under analysis- Third, 
sample throughput will Int.ieasc dittmalitaUv 
with the new method because, there is no jx>st« 
PCR processing time. Additionally, winking In a 
"-6- well format to highly compatible with auto- 
mation technology. 

The real-time PCR method is highly repro- 
ducible. RepMcate. amplifications can be analyzed 



for each sample minimizing jKMcntlul error. The. 
sy si em allows for a very large assay dynamic 
runge (approaching i,OO0,0O()-f<)ld starting Uh- 
gel). Utiliig u standard curve for the. target ol in- 
terest, relative copy number values can be deter- 
mined for any unknown sample. Fluorescent 
threshold values, coneJate linearly with rela- 
tive DNA copy numbers. Real time quantitative 
KT-PCK methodology (Gibson et al., this taujet) 
has also been developed. Anally, real time quan- 
titative PCU methodology can be used to develop 
high-throughput screening assays for n variety of 
applications (quantitative gene CApieasiou (RT- 
PCft), gene copy assays (Her£, 1JIV, etc.)/ geno- 
typing (knockout mouse analysts), and Jmmujio- 

rcuj. 

Real-time PC-tt may also he performed using 
intercalating dyes (Hlguchi et ul- \WA) such us 
eiJUdiurn bromide. The fluorogenic prohe. 
method offers a major advantage over inter- 
calating dyes- greater specificity (I.e., primer 
dlmers and nonspecific POft products are not de- 
tected). 
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METHODS 

Generation of a Plasmid Containing a Partial 
cDNA Tor Human Factor YIH 

Total KNA y*<o hurvcMcd (UNAkoI II from Tol Test, Inc., 
rT)C«o*WOOd, TX) from cv)l> li-»iMfe€letl with 4 factor VUl 
expression vector, pClS2.ttv2SlJ (Kalon ct Nl.' 1 n K6; Cor. 
mnn ct ah 1990). A factor VIII partial chNA sequence WAS 
ft«-.uirnieU by in* K de jGoneAmp W. iTlll UNA lO Kit 

(pan NoOK-or/y, rt Applied Uiosystcms, Fcwtvi t'hy, <*A)J 

using the PC 31 priuiwrs l : Hfor Mod Wrcv (nrinwr sequence* 
arc shown below). Hie atnpHcou was feamplifird dslng 
modified Iflfor and Wcv primers (apix-nded with nWni 
and //mdUl restriction sire sequences mi the W «nl) and 
cloned -Into ptil'.M- 3Z (Promt^n CUirp.. Mudtxon, Wl). The 
resulting clone, pPSTM, was used lor transient transection 
of J&W cells. 



Amplification of Target DNA and Detection of 
Amplicon Factor VIII Plasmid DNA 

(pFSTM) was amplified with tire |wi«Hris FBfor 5'-<X;c:- 
GTCKX'AACjAUl'UACii lCiTC#-3' and I'&rcv .V-AAA<X7]'- 
l-AOCXn'OC*A'J*C'(; rACiC-3M1ic rvHClioii jifodin.rU w 422- 
op it':K product. The forward primer was downed tu tcv 
ngntxc « unique setpieme found In the »V untranslated 
re#on of iliu patent pClS2.oc25l> pUvnid unci therefore 
does not H'VtiKuUi: <md amplify ihc human factor VI II 
gene. Priiwnm woro chocan with thu awsUmro of I lv<< com. 
pulcr program Oli^o 1,« (National ltiuscienccs, Invu Ply. 
mouth, MN). The human p-actl" giw wax amplified with 
lUc uruuex* fJ-tielin forward primer S'-TCAOOCAOACTCrr 
GCCCATCri'AC'X'JA-.V and *i-actin reverse p»imcr .V-CAC 
CG0AACCX:cri*<:AriC{t:x*AA'J*GG.3'. The reaction pro- 
duced a "ivs-np i»c:k product. 

Am pi l flea lion reactions (50 pJ) eoiitaiiiiKl a DNA 
sample, )0X PCK Ituffitr II (S ixl), 200 p.M dATP, dCTP, 
dGTP, and 400 |tM dll'n» 4 inM MgCI ? , l.HS Units Ampll 
7Vi<; DNA polymciasc, 0,5 unit Amp tense uracil rV-jjiy- 
e.o.tylu»c <UM0), SO pmolv of each facloi Vlll prliuei, nod IS 
pinole «rf ouch p Actio pdnu>r. Tho icaellntu* tilvo uonlalocd 
one of the foMo w l"ft detection prnheve (lOO nw c*prh)j 

]'»j»ft»he A7VAM)Ac:crrrri , c2cu(xrr<ifrin , (riTTtn , cr- 

GCCTT(TAMRA)p J' «ud p-oetin uroU* G ( (FAM) A'J'C C3C X I- 
X(TAMKA)CCCCr;ATOC":CATCp-.T where p indicates 
phosphorylation nnd X Indicates a linker arm nucleotide. 
Reaction tol»c* wen.* Mi<:n?An\p Optica! Tul>es (part AUrtV 
bcr NkOI 09.1.1, l»crkJn lUxuur) tltat wprc frosttxl (nt IH«rl;f«i 
Hlmcr) to prcvnil I from reflecting, Tube capi were 
slmitav to MicToAiVtp t;nj>s hul specially designed lo pre- 
yciii ll?;ht »c«llvnojj-AII <»t th<" IHIU kSw?!*t*nUi!>lv* wcro »u>>- 
r licd 1vy PI-: Applied ltio^tema <I*^»*Ut C!»y, CK) except 
the factor Vllt primers, whieh weir xynthesi%i*d ul Ceitvn 
tech, Inc. (South f»<»n Prtinclsco! CA). Ptobev designed 
using the 0\if;r? 4.0 software, following guidelines «.tj»- 

vesica in tnc Model 7700 .sequence Uenrtor tu»u iutK*ftl 
luiinual. HrlcHy, prube T m ^JjnuUt he At least £ U C hlfjlier 
mail 111* anneullnx ivtiipi'i-tiiK: u.icd durlitj; thermal ey- 
rhug; primers should not Iuiim kltddv duplexes' with the 
probe. 

Hie Uicriiml eyr.IIng condition** Included 2 mln al 
5U V C and 10 ruin at 95X\ lliertnal cycling procer<3ed with 
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reactiout were performed h> the Modol 7700 Sequence IV- 

tcH-lor (l»U Applied UlosyvUiuiv), uilurti coutxLns * Geo'*- 
Amp t*<:U Sy&tvm kfsatUon condition* wire pro* 

grutmuuU on .i Kiw<rr M«cinl«»«h VI 00 (Apple Cttnt|tti<f»r, 
Santa Clara, CJ\) linked dirvtily to the Model 7700 .Se- 
<|uciicv lXdoctor. Anaty«U of dau w« alw perforiwd on 
the Mni-Utosh compvtter. CVillaetloii and aiialydc wjftwaro 
wt« develo(Wl at W, Applied BlosyMitms. 

Traiwfection of Cells with Factor VIII Construct 

Pour T17.S flasks of 293 cells (ATCC CZKh 157:t), a human 
fetal kidney suspension cell line, wvrv jjmwu to BO^M) con- 
lluency aftwl tran«fceied \tVKm. Cells wert' grown tn the* 
following medln; HAM'S H12 without GHT, 5CWfi low» 
glucose niilheceo's nujdlOrd V&tfo inctlium (UMKM) with- 
out glydtm wiUi sodium bicarhonatc, 10% ietal txwine 
serum, 2 him L-|duUmi»c, ^nd 1% pcniciiiiii-strcptomy- 
c|n. The media w«5 vJt»»»h' c<i 30 mln l>cflw l,,c lro,>sfcc 
tion, pI'UTM WA amounts o( ^40, 4, OS, and 0.1 »m; wen? 
added it» US ml of a solution containing 0.125 m CmO?; 
and 1 x lim^S. The four mUhim were left at rtwin tetn- 

perviorv foi TO mln and then jicUU-%1 drupv/Ue to die cell*. 
'Hie n«>K> *vcir H«-uUted al 37°C: and CO. f<ir 24 hr, 
washed with PltSJ, »«d «wu»pcndcd In P1VS. Thtf rwiw 
in-ndc^l cells were divided into tdhpmta and UNA WA4 ck- 
tntcted Itiiincdtatcly usinj; IhvQIAanip ki<«n1 Kil (Qiagen. 
aiataworth, <.VS>, UNA w<i.s eJuled Into 200 pd cd 30 i«m 
IVMICJ utpll 8.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-l and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (f) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyiihe repressible promoter, and (ii) Wnt-1 transgenic 
mice. The WISP- 1 gene was localized to human chromosome 
8q24.1-8q24J. WISP-I genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overex pressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
0-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin(Xtwn\ and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and retractile cells that lose contact inhibition and form a 
muitilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-l 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
*To whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 jig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 ng 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-J were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA, PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 yM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<*ct) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
6-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W'AS/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
t-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C5JMG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. \A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-l 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1 . The cDNA sequences 
of mouse and human WISP- J were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2/1). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «*27,000 (M T 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 {A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 jxg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp WISP-2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP- 1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
" human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr6i, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (fl) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in . 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown).. 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP- 1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-I expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fio. 4. (A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B) x 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP -2 expression are shown in E-H. At low 
power (£" and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes, The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 (logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM2Uze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDrcell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £c<?RI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fic. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means i SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal ceils. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such asTGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v fo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP- 1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 



14722 Cell Biology, Medical Sciences: Pennica et al. 



Proc. Nad Acad. Sci. USA 95 (1998) 



(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP- 1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-i 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP- 1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WlSP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- • 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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Wc have developed a novel "real time" quantitative PCR method. The method meacure* PCR product 
accumulation through a dual-labeled fluorojjenlc probe (Lc v TaqMan Probe). This method provides very 
accurate And reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require post -PCR sample handling, preventing potential PCR product C3rry-over contamination and 
resulting In much raster and higher throughput assays. The real-time PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time quantitative 
PCR is extremely accurate and less-labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rule in many fields of biologi- 
cal research. Measuieine.nl of gent expression 
(RNA) has been used extensively in monitoring 
biological responses lo various stimuli (Tan et ai. 
1994; Huang el at. 1995a,b; Pfud'homme et at. 
1995). Quantitative gene analysis (DNA) has 
lH-en used to determine the genome quantity of a 
particular gene, as in the case, of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon u al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(JllV) burden demonstrating changes. in the lev- 
els of virus throughout the different phases of the 
disease (Connor e.t al. 1993; Mutate ct al, J9v:sn; 
Pwtado et al. 1995). 

Many methods have been described for tin: 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 19/6; Sharp ct 
al. 1980; Thomas 19X0). Recently, PCR has 
proven to be 3 powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase. (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made i>os- 
sible many experiments that could not have been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



thai \\ be uaed properly for quantitation (U««y- 
maekers 1995). Many early reports of quantita- 
tive PCK and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity, II is essential to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clementl el al. 
1902) 

kesftiirchcrs have developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the read ton before, the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
thai each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tities such as p-aclln) can be used for sample, 
amplification efficiency normalization. Using 
conventional me.thods of PCR detection and 
quantitation (gci electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene), Another method, quantita- 
tive competitive (QC)"PCR, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Bockcr-Andrc 1991; 
Plata k ct al. \092o t h). The. efficiency of each re- 
action Is normalized lo the internal competitor. 
a ifimwn amount of lntr.mal competitor can be 
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added to each sample. To obtain relative r)"anf- 
ration, the unknown target PGR product is com- 
pared with the known competitor l*CU product. 
.Success of a cjuarMHallvc competitive VCK assay 
relies on developing an Internal control that am- 
pim™ with the same efficiency «s the mt^vx moV 
cculc. TUc design of the coiirpctitoi »siU the vali- 
dation of amplification cfficieiieies jequire a 
dedicated effort . However, because QC-i'CK does 
not require that PGRpioduclsbcanalyxixl during 
the log phase of the amplification, it is tin: easier 
<.»f ihc two methods to use. 

Several detection systems uiv used for quan 
Utative 1-*CR and RT-PCtt analysis; (1) agarose 
gels, (2) fluorescent labeling of Kill products and 
detection with Insitr-indiiced fluorescence usln& 
capillar)' electrophoresis (huseo cl al. 1995; Wll- 
hams ex al. 1996) or acrylaiuUlc gels, jmd (3) plate 
capture and sandwich probe hybridisation (Mul- 
der e.i al. 1994;. Although these method* proved 
Successful, each method requires posl-PCR ma- 
llipvilailons Thar add Time to the analysis and 
may lead to hibumUny i outrun ination. The 
sample throughput of these method;* i.% limited 
(wllh Ihir. exception of the plate capture ap- 
proach), and, therefore, these methods are not 
well suited Tin u>c> demanding hi£h sample 
Throughput (I.e., screening of large niunbers of 
bl on twlet. ultra oi analyzing SAmplva C\u dia^nua* 
Ucs or clinical trials). 

Here we report the development of it novel 
iissay for quantitative frNA analysis. The assay Is 
based on the us* of the .5' nuclease assay first 
described by Holland et al. (1993), The method 
uses the 5' nuclease, activity of 7Yi</ polymerase to 
cleave a noncxtcndlblc hybrid! /.a it on probe dur- 
ing tbr extension phase of I'CR- Hie. approach 
uses dual-la bcJcd fluoro^enic hybridisation 
probes (Lec et al. 1993; Uassler ct al. 1995; Uvak 
et al. 1995o,b). One fluorescent dye serves as n 
reporter |FAM (i.e., 6-carboxy fluorescein)! and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e., 6-carboxy-ietramethyl- 
rhodaminc). The nuclease degradation of the hy- 
bridl/iition probe releases the quenching of the 
I 'AM fluorescent emission, rcMtlling in an In- 
crease In peak fluorescent ernissJon at SJtf nin. 
The use or a sequence detector (AIM Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the thermal cycler continuously during the 
i'OK amplification. Therefore, the react ions aie 
monitored in real time. The output data Is de- 
scribed and quantitative analysis of input target 
DNA sequences is discussed below. 



RESULTS 



PCR Product Derccrion in R«al Time 

The goal was to develop a high-throughput, sen- 
sitive, and accural c gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmki encoding human factor 
Vlil gene sequence, pI-8TM (sec Methods), was 
tised as a mode! therapeutic gtsne. The assay usr* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in re.il 
time (Alii Prism 7700 Sequence Oct ret or). Th« 
Taqman reaction requires a hybridisation probe 
I allied with two different fluorescent dyes. One 
dye is a reporter dy« (I* AM), the other is quench- 
ing dye (TAMRA). When the proln: is inlact, fluo- 
tcaccnl energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Die extension 
phase of the PCK cycle, the fluorescent hybrid- 
l/wiliOii probe Is cleaved by the 5'~T mtcleolytic 
aclivity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to tiie quenching dye, re 
suiting hi an increase of the reporter dye fluores- 
cent em t Won apectra. PCR primers and prubuN 
were designed foi (he human factor VJ1J se- 
quence and human p-aetin gene (as di-^eribed in 
Methods). Optimization reactions were per- 
formed to choose the approprlutc probe and 
magnesium concentrations yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge-couplcd device (i.e., CCD earner a) for 
measuring the fluorescent emission apeetru from 
500 to uSO mm, Kach PCK tube was monitored 
sequentially for 25 msec: with continuous moni- 
toring throughout the amplification, liach lube 
wa.% rr.-cxandned every 11.5 sec. Computer soft- 
ware was designed to examine the fluorescent In- 
tensity of both the reporter dye (FAM) and 
the quenching dye (TAMRA). The lluoresccnt 
intensity of the quenching dye, TAMUA, changes 
very utile over the course of the PCR amplifi- 
cation (data not shown). Therefore, the intensity 
of TAMRA dye emission serves as an Internal 
standard with which to normullyxi the reporter 
dye (l ? AM> emission variations. The software cal- 
culous a value termed ARn (or ARQ) using the 
following equation: ARn - (Rn J ) (no"), where 
Hn* . emission iniejishy «>f reporter/emission in- 
tensity of quencher at any given time in a reae 
Tion tube, and Ru r- emission intensility of re- 
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poncr/cmisslon hm-miiy »f quencher mco.su red 
prior 10 I'CK ampIiiicaUon in that same reaction 
lube. For the purpose of quantitation, the last 
three data points (ARns) collected during the. ex* 
tension step for each PCk cycle were analyzed. 
The nucleolytic degradation of Ihe iiyt;rk1i/^iion 
pfobc occurs during ine extension phase or rut, 
and, therefore, reporter fluorescent otiiksmuih in- 
creases during ibis time, 'Hie tlnee data point* 
were averaged for each KJK cycle and the nictin 
value for each was plotted in an "amplification 
plot" shown in Figure 3 A. The AKn mean value is 
plotted on the j'-axis, and time, represented by 
cycle number, is plot led on the^-axix. During the 
t*arJy cycles ui (he VCM amplification, the ARn 



value remains at base Jine When sufficleni hy- 
bridization probe has been cleaved by the TtU] 
jxriymcrasc nuflftAftc Activity, the intensify of re- 
porter fhmrctccm emission increase*. Most PCR 
ainplifk-Mjons reach a plateau phaNe of reporter 
fluorescent emifision if the reaction h carried out 
to high cycle ijujiiIhhn. The amplification plot to 
examined tMiJy in lh<i reaction, at a point lhai 
icprcscnts flic log phase of pruritic' arniTnula* 
tion. This is done by assigning an arbitjiuy 
threshold thai i.s based on the variability of the 
base-line data. In Figure 1A, tliclhfttfhold whs set 
at io standard deviation* above the mean of 
base line emission calculated from cycle* 1 lo 1 fv 
Once* the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time. (A) The. Model 7700 buttware will consi met amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 
Standard deviation of the base line), (&) Overlay ot amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with 0-actin primers. (Q Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crofifiefl the threshold* ivcla 
fined as C r . C r is reported as the cycle number ;<1 
this point. Ak will be demonstrated, the C ( .value 
Is pttjdictJve of ihc quantity of input turret. 

Cr Values Provide a Quantitative Measurement. of 
Input Target Sequences 

Figure IB shows amplification pJoU of l^diYfcw. 
enl PCR amplifications overlaid. '11k amplify 
Hons wore performed on a 1:2 serial dilution <uB 
human genomic DNA. 'Die amplified target w:w. 
human p actln. The amplification plotK drift to 
the right (to higher threshold cycles) n.< the input 
(Argot quantity is reduced. This is expected ho- 
MUM niHCtlonfi with fewer starting eopiw of the 
target molecule require greater ampUficatlon to 
degrade enough probe to attain the Threshold 
fluorescence, An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C: represents the 
C T values plotted versus the simple dilution 
value, Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity, Thus, C r values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15,6.11ft sample shown In Mgure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
'Hie 15.6-ng sample also achieves e.ndpoint pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenom- 
enon has been, observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation. . It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated G, value us . 
demonstrated by the fll on Hie line shown in 
Figure 1 C. All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed Q.S for any dilution. This experi- 
ment contains a >l00,000-fold range of input tar- 
get molecules. Using C r values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear rangeol IJuorcsccni in- 
tensity measurement of the AIM Prism 7700 Sc- 
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merits over n very large r;uij»<« of r<>la1lvf> starting 
target qtian titles. 

Sample Preparation Validation 

Several parameters influence the efllelenry nf 
PCR amplification: magnesium and sail concen- 
trations, reaction conditions (i.e., time and tem- 
perature); PCH target size and composition, 
primer sequences, and sample purity. All of The 
above factors are common to a single VCM assay, 
except sample to sample purity, in an effort to 
validate (he. method of sample preparation for 
the facior Viil assay, PCR amplification reproduce 
ihility and oJflciency oi 30 replicate sample 
preparations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quail tltatcd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-actln 
Kcjk: content In 100 and 25 of total genomic 
DNA. Each PCR amplification was performed in 
triplicate. Comparison of C, values for each trip, 
ltcate samiJie show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCU 
amplifications was highly reproducible, demon- 
strating that real time PCA using this instrumen- 
tation introduces minimal variation Into the 
quantitative PCR analysis. Comparison of the. 
mean Gj values of the. 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ftactln gene quantity. The highest C T 
difference between any of rhe samples was 0.85 
and 0.73 for the 100 and 25 n« samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluoro 
coiit emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dHuiions (Pig, 2). 
Any sample containing an excess of a PCU inhibi- 
tor would exhibit a greater measured 3-acUn C r 
value for a given quantity of DNA. in addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (l«i«, 2), altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Ouantitadve Analvsis of a Plasm id After 
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Table 1. Reproducibility of Sumplo Preparation Method 



2 

3 

4 

5 

6 

7 

8 

9 



10 



Mean 



100 ng 



Samplo 



standard 
m&an deviation 



18,24 
18.23 
.10.33 
18.33 
18.35 
18,44 
18.3 
18.3 
18.42 
18,1$ 
18.23 
18.32 
18.4 
18.38 
18.46 
18.54 
18,67 
19 

18.28 

18.36 

18-S2 

18.45 

18,7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

18.66 

0 io) 



1«.27 
18.34 



18.39 



18.55 
18.<12 



0.06 
0.06 
0.07 



18.23 o.oe 



18.42 0.04 



18.71 0.24 



0.12 



18,63 0.16 



18.29 0.1 



0.12 
0.17 



CV 



25 ng 



standard 
mean deviation 



20.51 0.03 
P0.54 0.11 



20.48 

20.S5 
0.32 20,5 
.20.61 

20.59 
03? 20.41 

20.54 

20.6 

0,36 20.49 20.54 0.06 
20.48 
20.44 

0-46 20.38 20.43 0.05 
20.68 
20.87 

0,23 20,63 20.73 0.13 
21.09 
21,04 

1.26 21.04 21.06 0,03 
20.67 
20,73 

0.66 20.65 20.68 0.04 
20.98 
20.84 

0.83 20.75 20.86 0.12 
20.46 
20.54 

0,55 20.48 20.51 0.07 
20.79 
20.78 

0.65 20.62 20.73 



0,90 



0.1 

20.66 0.19 



cv 

0.17 

0.54 

0.28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.46 
0.94 



(or containing a partial cDNA for human factor 
V!H, pl'BTM. A scries of transections was so! 
up using a decreasing amount of the piasinid^O, 
4, 0.5, and 0.1 ^g), 1\vt-my-four hours po$l- 
trai tafevt ion, total DNA was purified from each 
flask oUrib. p-Aclin gene quantity was chosen as 
a value ror iiormalittklnjn or xeiiuitiir. DNA con- 
centration from cadi sample. In this cxpciiimMit, 
p-actin gene content should remain constant 
relative to total gwiuiiifc DNA. Figure A shows the 
result of the p-actln DNA measurement (100 jig 
total DNA determined by ultraviolet spectros- 
copy) o£ e*ch sample. Kach sample was analyzed 
in triplicate and the mean p-actin Cy values of 
the triplicates were, plotted (error bars represent 

~»n« r+«»„ift r ri Hmnahnni I htph**sr nifforrnrr 



betwi^n any iwo campla moam was U.<i5 C,. Ten 
nanograms of total UNA of each sample were also 
examine*! for p-actln. Ilic results again >)n>wed 
that very similar amounts of genomic DNA were 
present; the maximum mean p actio C";, value 
difference wa.* 1 .0. A3 Figure 3 shows, the rale of 
p-aetln C r diau^e bcLwccn the 100 and 
sajnxi1«=» was similar (slope values rang« bwtwoon 
3.56 and -3.45). Thl* verifies again that the 
method of sample prqjarohon yields sarnplos of 
identical PCR integrity (j.< 4 -* «o sample contained 
an excessive amount of a VCR inhibitor). ITow- 
«ver, these results indicate thnt each sample con 
talncd slight differences in the actual amount of 
genomic 1>NA an&lyyxd. Determination of actual 
KenoiJiic DNA concentration was accomplished 

H0KM Z0S6 09L 6*6 Tfd 00:ST Z002/S0/ZT 



PHONE No. : 310 472 0905 



Dec. 05 2002 12:24AM P16 



M Al 1IMI- OUANTITATIVK PCR 













20.6 




Wl- 


> 






19.0- 




10 




ia.t> 




18 



Sample 



— ♦ - 1 

• * 

- * 3 

- w. 4 

- 3 
» (I 

a a 

A 10 




1.3 



i 



1,8 1.0 l!7 IJI tJ6 ' Z 
tog (ng Input genomic DMA) 

Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Table 1 wore also amplified In 
tripicate using 25 119 of each DNA sample. The fig- 
ute shows die input DNA concentration (100 and 
25 ng) vs. C, In ihr- figure, ihp 100 and 7.1" 
points (or each sample are connected by a line. 



1 
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M 



by plotting the mean fs-actio O, value obtained 
for uaeli 100 I ig stuuplv on .1 p-actin standard 
irmve (shown In Ma- 40). The actual genomic 
1>NA concent rati"" of each simipta, a, was ob 
talncd by extrapolation to the *-uxi&, 

Figure 4 A shows the measured (f.u v ii<>n» 
normalised) quantities of /actor VJ)) pjftftinid 
DNA (pltJTM) from each 0/ tin: four transient cell 
Ira » infections. Each reaction contained 100 tl^ of 
total sample DNA (as determined by UV spectros- 
copy}. V&cXt sample was analyzed in triplicate 



25- 

r 

j 23 
k 

21 



20 



pfgJTM tronsJocto d 

— 40 119 
- -» - 4.0 up 
— * • 0 J M0 
• A 0.1 pa 



ax 



1.4 



4 - . 



2.2 



1.4 1-a 1.8 
log (ng Input ONA) 

Figure 3 Analyst of liansfectccl cell DNA quantity 
and purity- I he DNA preparations of tfu: four 293 
cell transfeclions (40, 4, 0.5, and 0.1 ng of pF8TM) 
were analyzed for the 3-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pf 8TM that was transacted, the p-actln 
C T values are plotted versus the total Input DNA 



VC.U amplification*. As shown, pl : 8'l*M purified 
,func J be 201s cells decreases (mean C, values in- 
crututtij with decreasing amounts of plaxmfd 
ttrumlrUecL The memt C t values obtained for 
pF&TM in Tljurc 4A were plotted on ;i standard 
curve comprised of scilally diluted pKHTM, 
shown .in figure 4R. The quantity ul pl*XTM, h, 
found in each of the four tranfifectlom was de- 
termined by extrapolation to the x axh; of the 
standard curve In 1'i^urc 4H. 'Ihesc uncorrected 
values, b, for pFHTM were nor mailed 10 deter- 
mine the actual amount of pl'8TM found per 100 
rig. of genomic DNA by using the equation;. 

b x 10 0 lift ^ W cuial pFBTM copies per 
a T 100 of genomic DNA 

where a •- actual genomic DNA in u sample and 
{} k. pPH*l*M copies from the standard curve. 'Die 
notmuJir.cd quantity of p['6TM per 100 ng of ge- 
nomic DNA for each of the four tranafecitons Is 
shown in Figure 4Ji. 'lliese results show thai the 
quantity of factor Vlll plasiutd associated with 
the 293 cell.S, 21 lir after l rui isf eel it 11 1,. disci uisev 
with Uccrcaslnj; piaMiiul u 11 n.tm nation u.sed In 
the transection. 11 ic quantity of pl'6'JM associ- 
ated with 293 cells, after transfectlon whh 40 ixg 
of piasmid, was 35 pg per 100 ng genomic DNA. 
Tliis results In -520 j;Iasuiid copies per cell. 



DISCUSSION 

We have described a new method for quantilnt- 
iiig gene copy numbers using /eal'tlmc analysis 
of PCR axnpHficatlnm. ReaMlrac KIR is compat- 
ible with cither of the two PCK (KT-PCR) ap- 
proacho: (1) quantitative comfjctitivc where an 
interna! competitor for each target sequence is 
used for nonnahKatJon (data not shown) or (2) 
quantitative comparative PCK using *i m#i nut liga- 
tion gene contained within the sample (i.e., p-ac- 
tin) or a "housekeeping" gene for RT-PCK. If 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification efficiency 
before quantitative analysis ■» identical for each 
sample, the Internal conttul (nuimali^itiou gene 
or competitor) should give equal signals for all 
samples. 

The real-time PCK method offers several ad. 
vantages over the other two methods currently 
employed (see the Introduction). First, the real- 
time PGR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure A Quantitative «nolyi;i/c of pFSTM in transacted cclli. Amount of 
plasmid DMA used for the transaction plotted against the mean C, value deter- 
m l?£* for f ra ™ remalnJna 2>! h r alter transection. <0,Q Standard curves of 
pf-RlM ^nd fi-actl», respectively. pfflTM DNA <0) and genomic PNA (Q were 
diluted serially 1 :S before amplification with the appropriate primers. The p-actin 
standard curve wa* usgd lo normalise the results of A to 1 00 rig of genomic DNA. 
(0) The amount of pF8TM present per 1 00 ng of genomic DNA. 



of simple. Therefore, |h<* potential for rCK con- 
tamination in the laboratory is reduced because 
amplified product* can l«> aiialyved and disposed 
of without opening thv reaction tubes. Second, 
tliis method suppoxU the use of a liwruiiiljxiilloij 
gene (i.e., pectin) for quantitative, PGR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis h performed in real time during the iog 
phase of product accumulation. Analysis during 
Iuk phase permits many different genes Cover a 
wide input target range) to be anaiy>rd simulta- 
neously, without concern of reaching reaction 
plateau at different cycles. This will make imilli- 
e,cn<;i analysis assays much cartel U# develop, be- 
cause individual internal Mfiiipellloi> will mil be 
needed for each gene voider analysts Third, 
sample throughput will iuwease dramatically 
with the new method because there is no post- 
PCR processing time. Additionally, working In a 
96- well format Is highly compatible with auto- 
mation technology. 

The real-time PCR method is* highly repro- 
ducible. Replicate amplifications can be analyzed 



for «mcIi wimple minimising potential error. The. 
system allow* for a very large assay dynamic 
range (approaching 1,000,000 -fold starting Uii- 
gel). Uwlny u .standard curve for the target oi in- 
terest, relative copy number valuta can be deter- 
mined for any unkjiuwjj sample. fluorescent 
threshold values, O p coneJair. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
KT-PCK methodology (Gibson et al v this Issue-) 
ha* alto been developed. Finally, real time quan- 
titative PCU methodology can be used to develop 
high-throughput screening aaaay.s for a variety of 
applications fquanUintlvc gene c/ipieaMUit (KT- 
rOlt), ftcne copy o^ays (f 1cr£, HIV, etc.), geno 
typlng (knockout mouse analysis)/ and Jnimuno- 
PdlJ. 

Real-time POIt may al.w l>c performed using 
intercalating dyo.a (Higuchi ci ah such as 

ciJtJdiurn bromide. The fluorogenic probe, 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e./ primer 
dimcr* and nonsjwHflc PCR products art: not de- 
moted). 
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METHODS 

Generation or <t Plasmld Containing a Partial 
cDNA Tar Human Factor VIII 

Total RNA w<u harvested (UNA»"I « from Td Test, Inc., 

rNC-'idSWOOd, TX) from cx'll> liAOsfccted wlih o factor VI If 
expression vector, pC:|S2.tk'?.SlJ (Koum el hi. ltH»6; dor* 
man ci al. 1990). A (actor VIII partial el )NA MHptencv Was 

nriuTAica by irr i»r:it KioneAmp VJ, tTth UNA \*CM Kit 
(part NttOrWiT/S, i'£ Applied isiosyucin*, l : ostvi City, CA)J 
tiling Uic K:k jjiimers l-'Hfor imd l«*flrcv (|«rifiu*r j^miciicc* 
arc shown below), The amp] Icon was ream p J if it d using 
modified I'flfor and Wrcv primers (nn|x«mled with Humlll 
And fYwcIUi restriction site sequences mi the .v cimJ> won 
Clonal Into jXil'.M- 32 (rrorm^u CUvp.. Madison, WI). The 
resulting done, pP8TM, was used lor transient transfecdon 
of 293 cells. 



Amplification of Target DNA ami Dviecilon of 
AmpJicon Factor VIH Plasmid DNA 

(pr'HTM) was amplified Willi llic |Mii«icni mfut Z'-CAXl- 
Cn*<KX^\AUAU;]X;A(XilCrTC-3' and Mrev 5'-AAA<;CT- 
i^OCXn-OCiATCUi l AOG^MIicrwttcllun produced » 
hp product. The forward primer w«s designed to ico 
ognlxe n unique M'lpiemy ft mi id In the 5* untranslated 
region of litis panriu uClS2,o\25l> plewnid mtif therefore 
does not icvukjiUi: and amplify the human factor VIII 
gene. Primer* woro chosen with the jivsistanrf of I he com* 
puicr program Oligo 1.0 (Nwtiiwiul biosciences, Inc., IHy. 
mouth, MN). The human p-acUn gene was amplified with 
the primers p-m-lin iWwnrt] primer £'-TGACCGACA< TVilT 
GCCCAT(!TAi":OA--V and fi-actiu reverse p»iwcr A !Af J. 
C0GAACCX;crr<:An<;^X>VAlGG-3'. The reaction pro- 
ciuceo a 2«5-hp rCk product. 

Amplification reactions (SO |xl) contained a DNA 
sample. Klx VCA\ Huffcr II (& pJ), 200 jtM UA1P, dCTl\ 
dGTP, and 400 iim dll'IT, 4 imi MgCI* 1.25 IJnlis Ampll 
7*<k; DNA polymerase, 0,5 unit Ampftwc uracil rt-fily- 
eojiylow <UNG), SO pmolc of each facto* VIII jvlmei, und 15 
pinole of uuiUi p ae.tln pitmen 7l«i icactlonv aUo uonhdncd 
One Of the fojlowlnj; detect Inn probe* (WMJ iim each): 

J^jirobe A'(i'AW)Ac:crj*rrrt:c^t:crrcifmtrrrr<:Ttrj'. 

OCCTT(TAMRA)p 3' «ud p-nctm probe 5 r (FAM)ATCC3CX^ 
X(TAMKA)C:CCCr:AT0tX:ATCp-.1' wl.rrc p indicates 
phosphoryration nnd X indicates a linker arm nucleotide. 
Reaction IuIk-> w<«t\« Jvti<*.rt>Art\p Optii^al Tubes (part num- 
ber NkOI 09.1.1, l»crkin UXawx) tliat wore fro st<xl (nt IVrfcln 
Timer) lo prevent ligM from reflecting* Tube cop* were 
similar to MieroAmp t;npa but sj>cciAlly designed to pre- 
veni 11^1 n scut tern i s . Alt ol the IK'M i^mMuinhbU'* werti su>w 
,Ji^d by PK Applied Wo*y*t*mt» (l^>»tor Olty, CA) except 
the factor Vtli primers, .which weie synlbcslxcd ul Cenen 
lech, Inc. (Soulb San Pranclseo, CA). Probes wm« desl^ne<l 
using the Oligo 4.0 jofiware, following guidelines 

^csien in tnc Model 7 700 .sequence Pvux'tor hmiutiieiil 
manual, briefly, probe T m should lie al least 5 U C higher 
than the armeullux IfiupvMlure used during llirrmnl cy- 
cltng; primers slioylil not fonii Mablv duplexed witli the 
probe* 

The thermal 4-ycllng euiidiUon.% Included 2 mtn at 
50 v 'Cand 10 min at 95"C. nirj-mal cycling procrr<led with 
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rtaciitMu; were (scrfonued in tlx- Model 7 7(M) .Sequence 1 V- 
t«^tor (PE AppHed Ulusyvleinw), uililrh contain v a Cm* - 
Amp SyMum W0O0. Reaction cwidition^ vw< rr- put. 

gruiiiuieU un a I'nww Macinti»h VI 00 (Apple O.mipnlrr, 
Santa Clara, c;A) linked directly to the Model 770A .Sr- 
cjueuvv IXilector. Analyst* *>f data ak» |tf«rf/»rmed on 
the Mm lntosh computer. Ctrtlloetlou and analysis coftware 
wny devclojwl Ht l'K Applied Hlosyxluins. 

Traiufection of Cells with Factor VIII Construct 

J-Viw T17S flasks of 293 cells (A1TC C:R1. 157;t), a human 
fetol kidney suspension cell line, were jjniwn lo fi0% con* 
Itueney anwl tranifcctvd plVIHf. Cells were grown In the 
following media; St)% H/NM'X »/U without GUT, 50% luw 
glucose IXtllK'Ccn'g modified Ka^le medium (DMHU) with- 
out glycine, with sodium bicarbonate, 10% letal bovine 
sennn, 2 him L-flluiainii>c, *^d 1% pcnfcilJm-xtrcptomy. 
tin. The media was vJiangcd 30 mln W«twt« the Iransfcc 
lion* pl : BTM DNA Amounts of 40, 4, 0A f and 0.1 u.f; were 
iicltled tt> ml of a solution containing 0,125 m CmC\ ? - 
and 1 x IW.VVS. lllc four mixtures wore left al room tern- 
pcrvO^rf f<« TO mln and then added drnjiv»;l«t« l<v the cells. 
The a«>k* wvit-;ini.uljalcd al 37°C and 5% < 'X\ for 24 hr. 
washed with Pits, and ^u^pended In PUS. The rexns 
}n*ndud cells were divided into »luju<>ts and DMA wa4 c><- 
trHcted luimedlutcly using the QIAunip KUmd Kit (Qiagen, 
C:hotsworth f CA), l>NA vviis fjluted Into 200 p.1 ol 30 n-^ 
TWs-UCIalplJH.a. 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were 
done essentially as described MUI . Briefly, after antigen pulsing (30 fig ml"" 1 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraidehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% PCS before co-culture with T-cell clones in 
round -bottom 96- well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of 3 H- thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u.g TTCF with 0.25 u.g 
pig kidney legumain in 500 u.1 50 raM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(W-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavaiin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-ceU AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl" 1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 

Received 29 September; accepted 3 November 1998. 

1. Chen, |. M. er al. Cloning, isolation, and characterisation of mammalian legumain. an asparaginyi 
endopeptidase. /. Biol Chem. 272, 8090-8098 (1997). 

2. Kcmbhavi, A. A., Buttle, D. I. Knight. CG.& Barrett, A. }. The two cysteine endopeptidases of legume 
seeds: purification and characterization by use of specific fluorometric assays. Arch. Biochem. Biophys. 
303.208 - 213(1993). 

3. Dalton, ). P.. Hola Jamriska, L fit Bridley. P. J. Asparaginvl endopeptidase activity in adult Schistosoma 
mansoni. Parasitology I II, 575-580 ( 1995). 

4. Bennett, K. el al. Antigen processing for presentation by class II major histocompatibility complex 
requires cleavage by cathespin E. Eur. /. Immunol. 22, 1519-1524 (1992). 

5. Riesc. R. J. et al. Essential role for cathepsin S in MHC dass 1 1 -associated invariant chain processing 
and peptide loading. Immunity 4, 357 -366 (1996). 

6. Rodriguez, C. M. & Diment, S. Role of cathepsin D in antigen presentation of ovalbumin. /. Immunol. 
149,2894-2898 (1992). 

7. Hewitt. E. W. et al. Natural processing sites for human cathepsin E and cathepsin D in tetanus toxin: 
implications for T cell epitope generation. /. Immunol 159, 4693-4699 (1997). 

8. Watts, C. Capture and processing of exogenous antigens for presentation on MHC molecules. Annu. 
Rev. Immunol. 15. 821-850 ( 1997). 

9. Chapman. H. A. Endosomal proteases and MHC class I! function. Curr. Opin. Immunol. 10. 93- 102 
(1998). 

10. Fineschi. B.& Miller, j. Endosomal proteases and antigen processing. Trends Biochem. Sci 22.377- 382 

(1997) . 

11. Lu. J. & van Halbeck. H. Complete *H and ,J C resonance assignments of a 2 1 -amino acid glycopeptide 
prepared from human serum transferrin. Carbohydr. Res. 296, I -21 (1996). 

12. Fearon, D. T. & Locksley, R. M. The instructive role of innate immunity in the acquired immune 
response. Science 272, 50-54 ( 1 996). 

13. Medzhitov. R. & Janeway. C A. |. Innate immunity: the virtues of a nondonal system of recognition. 
Cell 91, 295- 298 (1997). 

14. Wyatt. R. era/. The antigenic structure of the HIV gp 120 envelope glycoprotein. Nature 393, 705-71 1 

(1998) . 

15. Botarelli, R et al. N-glycosylation of HIV gpl20 may constrain recognition by T lymphocytes. /. 
Immunol. 147, 3128-3132 (1991). 

16. Davidson. H. W.. West. M. A. & Watts. C. Endocytosis. intracellular trafficking, and processing of 
membrane IgG and monovalent antigen/membrane lgG complexes in B lymphocytes. /. Immunol. 
144,4101-4109(1990). 

17. Barrett. A. J. & Kirschke. H. Cathepsin B. cathepsin H and cathepsin L Methods Enxvmol. 80. S35-559 
(1981). 

18. Makoff. A. J., Baltantine. S. P.. Smallwood, A. £. & Fairwcather. N. F. Expression of tetanus toxin 
fragment C in £ coti: its purification and potential use as a vaccine. Biotechnology 7, 1043-1046 
(1989). 

19. Lane. D. P. 8r Harlow, L Antibodies: A Laboratory Manual (Cold Spring Harbor Laboratory Press. 
1988). 

20. Lanzavecchia. A. Antigen-specific interaction between T and B cells. Nature 314, 537-539 (1985). 
21 Pond. L 8c Watts. C. Characterization of transport of newly assembled. T eel I -stimulatory MHC dass 

II -peptide complexes from MHC dass II compartments to the cell surface. /. Immunol. 159. 543-553 
(1997). 

Acknowledgements. We thank M. Ferguson for helpful discussions and advice; E. Smythe and L Grayson 
for advice and technical assistance; B. Spruce. A. Knight and the BTS (Ninewells Hospital) for help with 
blood monocyte preparation: and our colleagues for many helpful comments on the manuscript. This 
work was supported by the Wellcome Trust and by an EMBO Long-term fellowship to B. M. 

Correspondence and requests for materials should be addressed to C.W. (e-mail: cwatts@dundee.acuk). 



letters to nature 




Genomic amplification of a 
decoy receptor for Fas ligand 
in lung and colon cancer 

Robert M. Pitti*t f Scot A. Marstenrt, David A. Lawrence^, 
Margaret Roy*, Frank C. Kischkel\ Patrick Dowd*, 
Arthur Huang*, Christopher J. Donahue*, 
Steven W. Sherwood*, Daryl T. Baldwin*, Paul J. Godowski*, 
William I. Wood*, Austin L. Gurney*, Kenneth J. Hillan*, 
Robert L. Cohen*, Audrey D. Goddard*, David Botstein* 
& Avi Ashkenazi* 

"Departments of Molecular Oncology, Molecular Biology, and Immunology, 
Genentech Inc. I DNA Way, South San Francisco, California 94080, USA 
t Department of Genetics, Stanford University, Stanford, California 94305, USA 
t These authors contributed equally to this work 



Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One Important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and. lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected. with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3 L/TWEAK** 9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL- transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~0.1 pLgml -1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin- 2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzyrnes M4 ~' , \ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —lu-gml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-lerminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4). and the Ay-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of polyfA)* RNA (Clontech) from 
human fetal and adult 'tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL a. 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoeryth re- 
labelled ceils, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1. DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl-Fc, 0cR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-pas L antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag -tagged sFasL was 
incubated with OcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e. Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 1 * in genomic DMA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and I out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;. 5ngml -1 ) oligomerized 
with anti-Flag antibody (0.1 ngmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean z s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasl-Flag plus anti-Flag antibody 
as in a, in presence of 1 ug ml" 1 OcR3-Fc (rilled circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and inter! eukin-2, 
followed by control (white bars) or .anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc, or DcR3-Fc (lO^gm!- 1 ). 
After 16 h, apoptosis of CQ4* cells was determined (mean ± s.e.m. of results from 
rive donors), d, Peripheral blood natural killer cells were incubated with 5l O 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgG 1 (triangles), and target-cell death was "determined by 
release of s, Cr (mean ± s.d. for two donors, each in triplicate). 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig, id). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 - 19 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g, h, j, k, r), seven squamous-cell carcinomas (a. e. 
m, n. o. p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (Q, and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Oata are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-held image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-tinked marker Tl60. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's r-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL- related apoptosis- 
inducing molecule Apo2L" Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L' 9 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding "regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 ceils or in human 293 cells, and purified as 
described 23 . 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL' (2 u.g), together with pRK5 encoding CrmA 
(2u,g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fcor TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidiri (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutiyely on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with ( 35 S]cysteine and ( 3S S| methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (IOjxM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL ( 1 u.g) (Alexis) was incubated 
with each Fc-fusion protein ( 1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL {25u,g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin -horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420FC (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti -human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligarid was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICO. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 p.g ml"') for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4* cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 5, Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of -Cr in effector- target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM2J8xe7 (TI60), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM - AC ACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 <4CT, , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease ofS. typhimurium and E. coli x *~* is a 
well -characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activit/, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, P2, p4-p7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3^a9) on the 




ARM I 




Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and fl-sheets in green, b, view along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I. as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and *ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT* 9 . N, amino terminus; C, C 
terminus. 



NATURE | VOL 396 j 17 DECEMBER 1998 1 www.naturc.com 



Nature ©MacmUlan Publishers Ltd 1998 



703 



Int. J, Cancer: 78, 661-666 (1998) 
© 1998 Wiley-Liss, Inc. 



ri^c- - . Publication of the International Union Againsl Cancer 
E*C' '" Publication da l Union Internationale Contre le Cancer 



NOVEL APPROACH TO QUANTITATIVE POLYMERASE CHAIN REACTION USING 
REAL-TIME DETECTION: APPLICATION TO THE DETECTION OF GENE 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661-666, 1998. 
© 1998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi etai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (I lq 1 3), and erb&2 (17ql2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et ai, 1992; Slamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard cur^e- is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and. quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co : valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3 r nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (/.*.. ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; fit) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C { 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; fiv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and er6B2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e.. lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene {app, myc. ccndl, erbQ2) 

N = : . 

copy number of reference gene (alb) 

Primers, probes] reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, Micro Amp optical tubes, 
and Micro Amp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (10 5 copies of each gene) to 
10~ 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
I OX TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95 °C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR, 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 



RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl. and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (2 1 q2 1.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb. chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/pl. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 s copies. 



Copy-number ratio of the 2 reference genes fapp and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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from 10* (A9), 1(T (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
)dJw; C u Ch reactlon tubc > thc fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. Q (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be delected. Two replicate plots were performed for each standard sample, but the data for only one are shown here Bottom- 
Standard curve plotting log starting copy number vs. C t (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4qlJ-qI3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc. 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 i 6.19) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 1 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TI18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR 
ccndl AND crbm GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


2:5 


myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97(89.8%) 11 (10.2%) 
83 (76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8(7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formal in- fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on Q values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai. 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 2Iq21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (/V) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns e/ ai, 1992; Borg et ai, 1992). (in) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai (1 992) and Courjal et ai 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8- fold and 1 5- fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and a!b gene dosage by real-time PCR in 3 breast tumor samples: Til 8 (El 2, C6, black squares), Tl 33 (Gt I, B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, ofeach sample, the initial copy number is inferred from the standard curve obtained during the same 
experimenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et ai, 1 992; Borg et al., 1992; Courjal et 
ai, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1995; Deng et ai. 1996; Valeron 



et ai. 1996). Our results also correlate well with those recently 
published by Gel mini et ai ( 1 997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
. FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndl/atb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


mi 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Uccndllalb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamon era/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q2I) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Genome-wide Study of Gene Copy Numbers, 
Transcripts, and Protein Levels in Pairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 

JSuSlo ta^' T 1 0maS Thykiae ' 11 - Frederlc M - WMdmanl Hans Wolf, 



Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 
ing of transcript levels {5600 genes), and high resolution 
two-dimensional gel electrophoresis. The results showed 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels. Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomlcs 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin d1 
ems 7, and N-myc (3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, 11 P -, i q+i 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 
Material- Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 

1 The abbreviations used are: CGH, comparative genomic hybrid- , 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; / 
PA-FABP, psoriasis-associated fatty acid-binding protein- 20 ^ 
two-dimensional. 
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Gene Copy Numbers, Transcripts, and Protein Levels 
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Fig. 1. DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.), CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. 8, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the length of the chromosome 
(left). The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical line (broken) indicates a ratio value of 1 (no change), and the vertical lines next to it (dotted) indicate a ratio of 
0.5 (left) and 2.0 (right). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
profile of that chromosome is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDLDK/sdata.html). The bars indicate the purported location of 
the gene,' and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; > 2-fold 
increase (black), >2-fold decrease (blue), no significant change (orange). The bar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated (black), at least half of the genes 
down-regulated (blue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold change. A 2-fold level was chosen as this corresponded to one standard deviation in a double 
determination of —1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 



grade I and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Tissue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium-guanidinium thiocyanate 
solution and stored at -80 °C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A) + RNA was isolated by an oligo(dT) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation— 1 /xg of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 ^tg of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mM Tris 
acetate, pH 8.1 , 1 00 mM KOAc, 30 mM MgOAcl Prior to hybridization, 
the fragmented cRNA in a 6 x SSPE-T hybridization buffer (1 m NaCI, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 °C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 °C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes in 0.5X SSPE-T 
at 50 °C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 /xg/ml (Molecular Probes) in 6x SSPE-T 
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Fig. 1— continued 



for 30 min at 25 °C followed by 10 washes in 6x SSPE-T at 25 °C. The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope (made for Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsatellite Analysis— Microsatellite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 jtl for 35 
cycles. The amplicons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. . 

Proteomic Analysis— TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the master two-dimensional gel 
image of human keratinocyte proteins; see biobase.dk/cgi-bin/celis. 

CGH— Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 /ig) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstained with 0.15 /jtg/ml 4,6-diamidino-2-phe- 
nylindole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green :red fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the greemred fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— The CGH analysis 
identified a number of chromosomal gains and losses in the 
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2 Loss 
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8 Loss 

12 No change 

15 No change 3 Gain 60% 

3 Loss 

9 No change 



two invasive tumors (stage pT1, TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p~, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17+, and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1 . Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. *\A) and 
20q12 in TCC 827 (Fig. 1B). 

mRNA Expression in Relation to DNA Copy Number— The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



,17 Up-regulation 
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2 No change 

9 Down-regulation 0 Gain 33% 

3 Loss 

6 No change 

21 No change 1 Gain 81% 

3 Loss 

1 7 No change 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set .we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, fop). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, fop). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 



Table l 

Correlation between alterations detected by CGH and by expression monitoring 

Top, CGH used as independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). 
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Fig. 2. Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
monitoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 (♦) and their non-invasive 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1, which depicts the resulting 
expression change for a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81%; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2). For both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2). Similar data were obtained when 
areas with altered expression were used as Independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1 .6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es—In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1, TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 



Molecular & Cellular Proteomics 1. 1 41 



Gene Copy Numbers, Transcripts, and Protein Levels 




N J% W L. hS 




fji!V. 



10 



tJWW 



fells 




FL ^ ^ ... M 



j 



M 



j! 

Mi U 



Fig. 3. Microsatellite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1 q25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general ^-spectrin (gene number 11 on Fig. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1 118 
close to mitochondria! 3-oxoacyl-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes (N), and the lower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsatellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassle Brilliant 
Blue and/or silver staining, was carried out on ail four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 



H 



F 



oJ 
• K 



C D 



AAAAAA 
AAAA t 
AAA • 




Unaltered 
protein 



2-D-gel 



Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in level or up- or down-regulated {horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene {vertical axis). mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (top of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (#0) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1 , glutathione transferase class /i number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cyto- 
keratin 13; 0 (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 13, and calcyclin; C (from left), a-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-€, and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); E (from 
top), glutathione S-transf eraser and mesothelial keratin K7 (type II); 
F(from top and left), adenylyl cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal y-actin, hnRNP A1, integral membrane protein calnexin 
(IP90), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translations ly controlled tumor protein, liver glyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na.K- 
ATPase /3-1 sub-unit; G, (from fop and left), TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-7r, and keratin 8; H (from left), plasma gelsolin, autoantigen cal- 
reticulin, thioredoxin, and NAD + -dependent 1 5 hydroxyprostaglandin 
dehydrogenase; / (from top), prolyl 4-hydroxylase 0-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from fop and left), 90-kDa heat 
shock protein, prolyl 4-hydroxylase 0-subunit, or-enolase, GRP 78, 
cyclophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
{left) and the oligonucleotide array (right) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 {red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array {red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure (/eft) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). IEF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

1 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1 . Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 



Table II 



Proteins whose expression level conelates with both mRNA and gene dose changes 


Protein 


Chromosomal location 


Tumor TCC 


CGH alteration 


Transcript alteration* 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs to Pres a 


Increase 


Annexin IV 


2p13 


733 


Gain 


3.9-Fold up 


Increase 


Cytokeratin 17 


17q12-q21 


827 


Gain 


3.8-Fold up 


Increase 


Cytokeratin 20 


17q21.1 


827 


Gain 


5.6-Fold up 


Increase 


(PA-)FABP 


8q21.2 


827 


Loss 


10-Fold down 


Decrease 


FBP1 


9q22 


827 


Gain 


2.3-Fold up 


Increase 


Plasma gelsolin 


9q31 


827 


Gain 


Abs to Pres 


Increase 


Heat shock protein 28 


15q12-q13 


827 


Loss 


2.5-Fold up 


Decrease 


Prohibitin 


17q21 


827/733 


Gain 


3.7-/2.5-Fold up 6 


Increase 


Prolyl-4-hydroxyl 


17q25 


827/733 


. Gain 


5.7-/1 .6-Fold up 


Increase 


hnRNPBI 


7p15 


827 


Loss 


2.5-Fold down 


Decrease 



° Abs, absent; Pres, present. 

b In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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everi an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q-, 1q+, Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q-, 1q+, 5p+, 8q+, 
17q+, and 20q+ (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise, the two minimal invasive 
pTT tumors showed aberrations that are commonly, seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1q22-24 
amplification (seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-, often 
linked to 20q+ and 11 q13+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker et al. (26) in yeast. 

Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript. One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that, occurs after translation, 
requiring immunoidentification ajid/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (2,6). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specifle expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern ofxopy-numherjU|er?ttons In cancer, but very few of the genea 
affected are known. Here, wc performed high-resolution CGH analysis on 
cDNA microarrays In breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to qnantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent sunplkona, ranging in size from 0J to 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes had ■ substantial Impact on gene expression, with 44% of the 
highly amplified genea showing overexpression and 10.5% of the highly 
over-expressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which In a novel amplicon at 17q21 J was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cBN A microarrays revealed hundreds of 
novel genes whose overexpression Is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1 . Impact of gene copy number on global gene expression levels. A. percentage of 
ad uadercxprcsscd genes (Y axis) according to copy number ratios (X axis). 
Threshold values used for over- and undcrexpression were >2J84 (global upper 7H of 
the cDNA ratios) and <0.4826 (global lower 7% of the expression ratios). B, percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were >\J and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



5 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR, reverse Oanscription-PCR. 
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rt across Ac entire genome ttom lp telomere to Xq tetonro U ihown along wtfh ± I SD {orangt lings). The 



chromosomal CGH snslyiis of MCP-7. The copy number ratio profilo (oftra 
/ffuF'i acrou the entire genome iron ip vuuuihg w wwuietv *» «wtu — » v* *•*»«* -..4111). The block horizontal lino indicates a ratio of I.Oj rtd Hnt, o ratio of 0.8, 

«ndfl^i/<M a ratio afl .2. B-C genome-wide copy number analysis in MCP-7 by CGH on cDNA microarrsy. The copy number ratios were plotted as s function of the position 
oTAo cDN Adoocs along the human genome. In b\ Individual data pointi art connected with a line, ind » moving median of 10 adjacent dona is shown. Rid horizontal ttte, the 
°' TmuiJttr ratio of I 0 In C, inriH'*"* 1 P"*"«» »™ *»Y <*b* "*K»g acceding to cDN A expression ratios. The brjgta rtd dots adteMteut*a2% t uid<krkr9ddou. 
Sv«tf«4 of the expression ratios in MCF-7 ccUs (ovcrexpressed genes* bright grttn dots indicate the lowest 2%, and dark green dots, the neat 5% of the expression 

indicated with a 



sion is most significantly associated wim amplification of the corre- 
sponding genomic template. 

MATERIALS AND I^ETHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20, BT- 
474.HCC1428, Hs578t, MCF7. MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812. ZR-75-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and rnRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Mkroarrays, The 
preparation and printing of the 13.824 cDNA clones on glass slides were 
performed as described (1 1-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 of genomic DNA mam breast cancer cell lines and normal 
human WBCs were digested for 14-18 h wim Alul and tool (Life Technol- 
ogies, Inc., RockviHe, MD) and purified by phenol/chloroform extraction. Six 
ug of digested cell Line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with CyS-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization ( 14, 15) and 
jxjsmybridizarion washes (13) were done as described For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty jtg of reference RNA were 
labeled wim Cy3-dUTP and 3.5 tig of test rnRNA with CyS-dUTP, and the 
labeled cDNAa were hybridized on microarrays as described (1 3, 15). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DE ARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto (he 
array. Low quality measurements (i.e.. copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio > 1 .43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data* To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach, CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, > 1 .43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signaJ-to-noise 
statistics (1). We calculated a weight, w r for each gene as follows; 

m^j - 

"* " Og| + Ogfi- 

where m x „ <r #l and a# denote the means and SDs for the expression 
levels for amplified and nonamphfied cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 14 1. 6 A database of genomic sequence alignment information 
for rnRNA sequences was created from the August 2001 freeze of die Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



4 Internet address: httpy/rcscarch. nhgri.Qih.gov/rajcroarny/downlc«dablc_cd 
7 Internet address; www.gcnomc.ucic.edu 
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Tablet Summary of independent ampHcont in J '4 
CGH microarray 



cancer celt lines by 



Location 



lpl3 
JqU 
lq22 
Jpl4 

7pl2.1-7pll.2 

7q31 

7q32 

8(|2I.II-8q21.13 
8q2U 

8q23>«q24.l4 

8q24.22 

9pl3 

16^22 
17qll 

I7ql2-q2l.2 
-l7q2!,32~q2U3 



l7422-<233 
|7q23.3-q24J 
I9ql3 
20ql1J2 
20ql3.12 
20ql3.l2-qJ3.l3 
20ql3.2~ql3.32 



Start (Mb) 



End (Mb) 



132.79 
173.92 
179.28 

71.94 

55.62 
125.73 
140.01 

86.45 

98.45 
129.88 
151 at 

38.65 

77.15 

86.70 

29 JO , 

39.79 

52.47 

63.81 

69.93 

40.63 

34J9 

44.00 

46.45 

5U2 



132.94 
177.25 
179.57 
74.66 
60.95 
(30.96 
140.68 
92.46 
103.05 
14115 
152.16 
39.25 
8138 
87.62 
30.85 
42.80 
_53.SO 
69.70 
74.99 
41.40 
35.85 
45.62 
49.43 
59.12 



Size (Mb) 



0.2 
33 
03 
2.7 
53 
5.2 
0.7 
6.0 
4.6 
123 
1.0 
0.6 
43 
0.9 
1.6 
3.0 
33 
5.9 
5.1 
0.8 
13 
U 
3.0 
7.8 



CGH were validated, with lq21, 17ql2— oJ21.2, 17q22-q23, 20ql3.1 f 
and 20ql3.2 regions being most comnaonly amplified. Furthermore, 
the boundaries of these amplicons wcrre precisely delineated In ad- 
dition, novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q2U (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes* 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression «iata on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lp!3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MOA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pl J-pl2 (Fig. 14). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig, 35). In addition* several genes, including the 
homeobox genes HOXB2 and HOXB 7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. 34 inset) 
as well as overexpressed (as verified by RT-PCR* data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonsunplified clones (ratio, <\S). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RP1 1-361 KB was la- 
beled with SpectrumOrange (Vysis, Downers Grove, XL\ and Spectrunv 
Orange-labeled probe for EGFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray cortaimng 612 fonnalhvfixed, parafTin-cmbed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NW. Specimens containing s 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor celli were considered to be 
amplified. Survival analysis wss performed using the Kaplan-Meier method 
and the log-rank test 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Prornega Corp., Madison, Wl) with 10 ng of mRNA 
as a template. HOXB7 primers were 5 f -G AGC AG AGOG ACTCGG ACTT-3 ' 
and 5'-GCOTCAGGTAGCGATTGTAG-3'. 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (/.e.. belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression data on CGH microarray profiles. A, genes in the 
7p1 1 -pi 2 amplicon is the MDA-468 ceil line sre highly expressed (red dots) and include 
the EGFR oncogene. B. several genes in the I7ql2. 17q2l.3, end 17q23 ampbeens in the 
BT-474 breast cancer cell line are highly overexpressed (red) and include the HOXB 7 
gene. The data labels and color coding arc as indicated for Fig. 2C. Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by Interphase FISH using EGFR (red) and chromosome 7 
centromere probe (green) to MDA-468 (A) and HOXB7-%peci{ic probe (red) and chro- 
mosome 1 7 centromere (green) to BT-474 cells (B). 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (/> = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a runction of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data,* 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA micro arrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantia] with the most dramatic effects seen in the case of high- 



a4tire*i; htrp^www.gcneon tology.org/. 9 Internet address: http^www.ncbLnimjuhgw/entrex 
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level copy number increase. Low-lcve! copy number gams and losses 
afco had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
ntllevel amplifications. Aneuploidy and low-level gams and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 

m Thl OTlTi2cr^!ay analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
nions detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
Kvcd the bomeobox gene region at !7q2U and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomam 
inscription factors are known to be key regulators of embryomc 
develooment and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexposing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poorprognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing ~2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC, 
EGFR ribosomal protein s6 kinase, and AJB3> but also numerous 
novel genes such as NRAS-related gene (lp!3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA raicroarrays 
to the analysis of both copy number and expression levels of over 
12 000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer, and (c) identification of a set of 270 
genes the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
I7q21.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 

6244 



between HOXB 7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement In the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation In gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation In gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g., FGFR1 (8pll), MYC (8q24), CCND1 (Hql3), ERBB2 
(17ql2), and ZNF217 (20ql3)j and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22, and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Unas. Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized 'in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et aL (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. 'Test 1 ' DNA 
(from tumors and ceil lines) was f hiprescentfy labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"'reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scan alyze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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Fig 1 Genome-wide measurement of DMA copy number alteration by array CGH. (a) DNA copy number profiles are illustrated for cell Ones containing different 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each row represents a different cell line or tumor, and each column represents 
one of 6 691 different mapped human genes present on the mkroarray. ordered by genome map position from Ipter through Xqter. Moving average (symmetric 
5-nearest neighbors) fluorescence ratios (test/reference) aie depicted using a log r based pseudocolor scale (Indicated), such that red luminescence reflects 
fold-amplification, green luminescence reflects foW-deletion, and black indicates no change (gray indicates poorly measured data), (to) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (t.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety m the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genomc.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons). but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. lb), as we did before 
(7), demonstrated the sensitivity of our method to detect single- 
copy loss (45, XO), and 13- (47,XXX), 2- (4o\XXXX), or 
23-fold (49,XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web she). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within Iq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 1009&/6O96, and 90%/44%, respective- 
ly), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/ 18%, respectively), consistent 
with published cytogenetic studies (refs. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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FI9.2- DNAcopynumberarteratlonaCTosschromoseme8ty 

of X chromosome*, for breast cancer cell lines, and for breast tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering to 
highlight recurrent copy number changes. The 241 genes present on the mkroarrays and mapping to chromosome 8 arc ordered by position along the 
chromosome. Fluorescence ratios (test/reference) arc depicted by a log, pseudocolor scale (indicated). Selected genes are indicated with color-coded text (red. 
Increased; green, decreased; blade, no change; gray, not well measured) to reflect correspondingly altered mRNA levels (observed in the majority of the subset 
of samples displaying the DNA copy number change). The map positions for genes of interest that are not represented on the mkroarray are indicated in the 
row above those genes represented on the array. (6) Graphical display of ONA copy number profile for breast cancer cell line SKBR3. Fluorescence ratios 
(tumor/normal) are plotted on a log, scale for chromosome 8 genes, ordered along the chromosome. 



number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P « 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P - 0.04), and harboring TP53 mutations (P « 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a), The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DNA copy number and gene expression across chromosome 1 7. DNA copy number alteration {Upper) and mRNA levels (lower) 
are illustrated for breast cancer cell Dnes and tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering (Upper), and the 
identical sample order is maintained (Lower). The 354 genes present on the microarrays and mapping to chromosome 1 7. and for which both DNA copy number 
and mRNA levels were determined, are ordered by position along the chromosome; selected genes are Indicated in color<oded text (see Fig. 2 legend) 
Fluorescence ratios (test/reference) are depkted by separate iog 2 pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Student's 
t tests comparing adjacent classes: cell lines, 4 x 10" 49 , 1 x 10" 49 , 
5 X 10^, 1 X 10-*; tumors, 1 X 10"* 1 x 10" 214 , 5 x 10" 41 , 
1 X 10~ 4 ). A linear regression of the average log(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 15-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 4b) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig 4<f). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data roost reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directlj ^attributed to variation in gene 
copy number increases to 12% (Fig. Ad). This still undoubtedly 
represents a significant underestimate, as the observed vanation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 



This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNAmicroarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platter et a!. (15) recently reported that in metastatic 
colon tumors only —4% of genes within amplified regions were 
found more highly (>2-fbld) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the mference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in chntcal 
behavior) among patients* tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration m 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochioraetric relationships in cell metabolism and physiology 
(eg., proteosome, mitotic spindle), possibly promoting further 
^hlornmMrinstability-and-directty to tumor 

development or progression. Finally, our fmdirujp suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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HER-2/neu Breast Cancer Predictive Testing 
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Each year, over 182,000 women in the United States are 
diagnosed with-breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph .nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(1HC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16-7% for 
patients with no HER-2/neu gene amplification. 4 HEK-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive riatients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin 0 (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin® in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin 0 in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 

HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
88291 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 

Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest 0 . The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ef the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1.2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed McdGene. which 
comprehensively summaries and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGerve, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strerigth of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5*fold; however, a significant correlation was 
observed [r ■ 0.41; p ■ 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: bioinfdrmatics • micro-array ♦ text mining • gene-disease association ♦ breast cancer 



Introduction 

At its current pace, the accumulation or biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g.. 
breast cancer, a researcher would nave had to scan 130 different 
journals and read 27 papers per day in 1999. 1 This problem is 
accentuated with high. throughput technologies such as DNA 
micro-arrays and proteomics. which require the analysis or 
large datascts involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any tnlcroarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
woutd be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge In a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Cene Database. 2 However, as these resources are hand- 
curated. the labor-intensive review process becomes a rate 
limiting step In the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach Is automated text mining: a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully In several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another. In 
the literature or by functional annotation. 3 " 7 Thus far, few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Peres-lratxeta et a I. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 8 

To obtain a more global understanding of disease develop- 
ment it would be valuable to incorporate Information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This Information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational .approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
norma! and cancerous breast tissue. 



Methods 

MedGene Database. MedCene is a relational database, stor- 
ing disease and gene information from NCBl. text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user Interface for users to 
query the database ^ttp://hlpseq.mediiaivard.edii/MedGenei1. 

Text Mining Algorithms. MeSW Dies were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (hup:// 
www.nim.nih.gov/mesh/meshhome.htmI) and human disease 
categories were selected. LocusUnk files were downloaded from 
the LocusLink web site at NCB! (http://www.ncbi.nih.gov/ 
U>cusLink/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, atl 
relevant annotations and URLs for eachtocusLtnk record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to index MedUne records, if the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected, 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were Indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene only (gene single hits)* and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis. Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk of disease 16 (hup;// 
hipseq.med.harvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To Obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster* software and the 
clustering result was visualized using TreeViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-posltive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immunc-pheno- 
types of breast cancer. Biottnylated cRNA. generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Affymetrix U95A oligo-nudeotide micro-arrays. These micro- 
arrays consist of 1 2 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using CENE- 
CHIP software from Asymetrix, and then further analyzed using 
the DNA-Chip Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first complied complete lists for human diseases and human 
genes. To Index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH Is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. MedUne records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 9 * 10 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information, Supplemental Table 1. or visit http://hipseq. 
med.harvard.edu/MedCene/publication/s^Table i.html) were 
selected from the 2002 MeSH Index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus. It was necessary to apply a suing search algorithm 
for gene names or symbols found In Medline text. A complete 
list of genes, gene names, gene symbols, and frequency used 
synonyms were collected from the LocusLink database at 
NCBl 11 -" which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18 m , 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, If at all 
For the intended use of this study, this lack of disuncUon is 
unlikely to have a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false poslUves and false negatives 
(Table I). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found In the title or 
abstract. Case-insensitive string mapping was used for aU 
searches except as noted above. No additional weight was 



Analysis of Data Using Advanced Literature Mining 

Table 1, Systematic Source? of Fa lse Positives and false Negatives in Unfiltered Data" 
source of error error lype sample 



research articles 



gene symbol/nan>e 
Is not unique 



gene symbol is 

unrelated abbreviation 
gene symbol/name 

has language meaning 
nonstandard syntax 
unofficial gene name/symbol 
nonspeeffied gene name 



false positive 

r 

false positive 

false positive 

false negative 
false negative . 
false negative 



MAG- myelin 

associated glycoprotein 
MAC-malignancy-assoclated 

protein 

Pi4-pallid.homolpgue (mouse), 

pallidin (also abbrev. for Pennsylvania) 
W4S-Wtskott-Aldrich Syndrome 

(also the word "was") 
BAG* J instead of BAGt 
P53 instead or TP53 
estrogen receptor Instead of 
Estrogen receptor 1 



filter solution 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



* In nreliminflrv studies, Medline was searched for cooccurrence of genes and diseases and the resulting output ww equaled to btenttTy error sources chat 
^S!^S^^^t^^ch^r source is cateaorized by the type or error it causes: false positives are suggested relationships that arc not real and 
ESvet^ indicated. Nie that in some cases, the fUter solution UsetfinUoduces 

error. Ingeneral. error rotes maximized sensitivity, even at the expense of specificity If needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
Identifiers, such as the offldal/preferred gene symbol, the 
omdal/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g.. estrogen receptor instead of 
estrogen receptor 1 {ESRft, creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g., IL2RA, TGFp, 
ESR1, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
the gene family versus a specific member In that family. 

To improve performance and accuracy, some pre-selectlon 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second. non-English Journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g-, Int. 
J, Health Educ. t Bedside Nurse, and / Health Econ). Together, 
these raters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths or Gene Disease Associa- 
tions. In total, there were 618 708 gene-disease co-cltatlons, 
In which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) or all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and aller consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene* In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However. In 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene. 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD). 2 the Breast Cancer Gene OatabasetBCG). 1 GeneCards 
(GC)" and Swissprot. 18 Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not In MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes In each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)fcotal number of nonoverlapping 
genes In other databases (285). 



there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure I. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation In these hand- 
curated databases, 26 were absent from MedGene. suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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naoerc) were reviewed manually (see the Supporting lfifonra- 
SoV Supplemental Table 2. or visit http://hlpseq.med. 
harvWedu/MedGene/pubHcatfon/sJTable 2,htrol). Among 
these papers, most false negatives were caused by nonstandard 
aene terms or gene terms eliminated by our specificity filters, 
few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscripTbut not the abstract or title (1.1%). Of note. 
MedGene Identified approximately 2000 additional breast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and Its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF. 1467 genes related to prostate cancer were 
assembled In rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes, fell into one or the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information Supplemental Table 3, or visit 
http://hipseq.med.harvard.edu/MedGene/pubHcatlon/ 
s Table 3.html). Among the lowest ranked, 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer, 13 " 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information. Supplemental Table 4. or visit http://hlpse- 
q.med.harvard.edu/MedGene/publication/s^Table 4.html). env 
* phasfcing the importance of the filters that were added in the 
search algorithm (Table I). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRl and 10 to ESR2. whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESM or ESW 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysts of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus* if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information. 
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Supplemental Figure 1. or visit hap://lupseq.med.harvard.edu/ 
MedCene/pubHcation/s.Flgure l.html). For example in one 
such cluster shown in Figure 2. diabetes and i^compljcatiom 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the fofce 
negative rate H%) and down by the false positive rate (-26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with It, although the range is 
quite broad with 2359 genes related to breast cancer. 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets, Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list u>a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis Identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes Into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting information. Supplemental 
Figure 2, or visit htup;//hlpse<i.med.harvard.edu/MedCene/ 
publlcation/s^Flgure 2.html.) Among the 505 previously un- 
related genes. 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes. 9 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

'To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). there was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array Told change (r - 0.018. Rvalue - 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesung that genes with a more substantial change In 
expression level were more likely to have a stronger association 
In the literature. For genes that had 10-fold change or more in 
expression level, the correlation Increased to 0.41 (p-value = 
0.05). 

When we evaluated live micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend In correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them A sample of the data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together. Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders, etc .(Supplemental Figure 1: htipi/mipseq.med. 
harvard.edu/MedGene/puDlication/s,Flgure Lhtml). 

Finally, to validate our findings, we computed similar cor- disease unrelated to breast cancer. As expected, we did not 
relations between the breast cancer expression data and observe an increasing trend in correlation Tor hyperten- 
LPF scores generated by MedGenc for hypertension, a sion. 
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Figure X Relationship between literature score and functional data for breast cancer. 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyied to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff > 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-associati6n. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference in 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score <LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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breasi neoplasms 



estrogen receptor 

PGR 

BHBB2 

BRCAI 

BRCA2 

ECFR 

CYP19 

TFFi 

PSEN2 

TP53 

CES3 
CEACAMS 

ERBB3 
cyclin 
C0X5A 
cache psin 
ERBB4 ' 

TRAM 

CCNDl 

ECF 

MUCl 

insulin-like 
BCL2 

mucin 
FCF3 



hypertension 


rhpum^tnlH arthritis 


REN 


RA 


DBP 


TNFRSFWA 


IEP 


CRP 


AGT 


AS 


INS 


ESRl 


kalllkrein 

AtAliJ /VI till 


HLA-DRBl 


ACE 


DRl 




interleukln 


SJ00A6 


TNF 


BDK 


ILS 


DIANPH 


collagen 


SARI 


ILIA 


pm 


ACR . 


CD59 


TNFRSFU 


ALB 


112 


CYPUB2 


CHI3LI 


MAT2B 


IL8 


angiotensin ' 


interleukln 1 


receptor 


matrix 


ACTR2 


metalloprotelnase 


NPPA 


Interferon 


LVM 


CD68 


DBH 


IL4 


NPY> 


IL17 


POMC 


MMP3 


neuropeptide 


SIL 



bipolar disorder 



atherosclerosis 



ERDAI 

SNAP29 

PFKL 

DRD2 

TRH 

IMPA2 

HTR3A 

DRW 

REM 

KCNN3 

DRD4 
HTR2C 

RELN 1 
DBH 
MAO A 
COMT 
HTR2A 

SYNJI 

JNPPJ 

NEDD4L 

FRA13C 

transducer or 

ERBB2 

BAIAP3 



ATPIB3 

' DRP$ 



apolipoprotein 

APOE 

LDLR 

ELN 

ARC I 

APOB 

APOAl 

MSR1 

LPL 

pom 

plasminogen 
activator inhibitor 
PLC 

vascular cell 

adhesion molecule 

ATOM 

VWF 

INS 

ARC2 

ABCAI 

OLRl 

collagen 

MCP 

lipoprotein 
APOA2 
intercellular 
adhesion molecule 
RAB27A 



* MedCene results for the top 25 genes associated with breast neoplasms, hypertension, „~ 
ranked by LPF scores. The hyperlink to all the papers co-citing the gene and the disease 
McdCcneV). 



rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
is available at MedCene website r^tp://hlpseq.rned.harvard.edu/ 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedCene. a relational database 
derived by rnining the Information in Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperlinked to the original papers 
supporting each association and to other relevant databases. 

MedCene is an innovative extension of previous text mining 
approaches. Perez-Iratxeta et al, used the CO annotation and 
their chromosomal locations to predict genes that may con 
tribute to inherited disorders. 8 MedGene takes a broader view 
and includes all diseases and all possible gene-disease relation- 
ships. Furthermore, MedGene utilizes co-citation to indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have CO annotation. Our approach is 
complementary to that taken by Chaussabel and Sher, who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships* 

A unique aspect of this tool is the ability to assess the relative 
strengtlis of gene-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes that 
most co-cltations describe a positive association, often referred 
to as publication blas ,s and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
h«p://hlpseq.med.harvard.edu/MedGene/publlcatlon/s^Ta- 
ble 3.html). Of course, relationships established by frequency 
of co-cltation do not necessarily represent a true biological link; 
however, It Is strong evidence to support a true relationship. 
Another important feature of MedGene is the Implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, all of the filters that we applied were general 
ones, e.g.. expanding the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro » 
array experiments as small as 2- fold reported In the literature. 
Even when these expression changes are statistically significant, 
it Is not always clear If they are biologlcalry meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table 3. Genes with Large Expression Changes in ER- but 
Not in ER+ Breast Tumors 

gene symbol 

KRTHB1 
BRS3 
DKKJ 
ZICJ 
TLR1 
KJAA0680 
CDKN3 
EB12 
GZMB 
STK18 
CPR49 
MYOW 
LAD I 
POLB2 
HMC4 
BCL2L11 
LRP8 
CCNB2 
CCNE2 
FCB 
KNSL6 
HiF5 
SERP1NH2 
YAP1 
LPtlB 
TCEA2 
TFF1 
COU7A1 
POPS 
BPACI 
PDZK1 
VEGFC 
MUC6 
SERPINA5 
MEISl 
CA12 

Tabic 3. MedGene Identified a set of relatively understudied, yet highly 
wtpujased genes In £R negative, but not ER positive brea* tumors. All of 
these genes have eliher never been co-died with breast cancer or have a 
weak association except Ihose marked with an 



reflects the many genes whose role in breast cancer may noi 
involve large changes In expression in sporadic tumors (e.g., 
BRCAl and BRCAZ) and genes whose modest changes In 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10 -fold change or more in expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two Implications. 
First, a careful hunl for corroboradng evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or mare are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-posltlve tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor In 
the population. Furthermore, this emphasizes that caution 
must be taken when Interpreting experiments that may contain 
subpopuletlons that behave very differently. The MedCene 
approach identified a set of relatively understudied, yet highly 
. expressed genes in ER-negatlve tumors that are worthy of 
further examination (Table 3). 
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In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an Important tool 
for the rapid and flexible analysis of large datasets from various 
highHhroughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
uUiity of the MedCene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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